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ABSTRACT
The growing speed and bandwidth requirements of telecommunication sys-
tems demand all-optical on-chip solutions. Microphotonic devices can deliver
low power nonlinear signal processing solutions. This thesis looks at the slow
light photonic crystals in chalcogenide glasses to enhance low power nonlinear
operation.
I demonstrate the development of new fabrication techniques for this deli-
cate class of materials. Both, reactive ion etching and chemically assisted ion
beam etching are investigated for high quality photonic crystal fabrication.
A new resist-removal technique was developed for the chemical, mechanical
and light sensitive thin films.
I have developed a membraning method based on vapor phase etching
in combination with the development of a save and economical etching tool
that can be used for a variety of vapour phase processes.
Dispersion engineered slow light photonic crystals in Ge33As12Se55 are de-
signed and fabricated. The demonstration of low losses down to 21±8dB/cm
is a prerequisite for the successful demonstration of dispersion engineered
slow light waveguides up to a group index of around ng ≈ 40.
The slow light waveguides are used to demonstrate highly efficient third
harmonic generation and the first advantages of a pure chalcogenide system
over the commonly used silicon. Ge11.5As24Se64.5 is used for the fabrication
of photonic crystal cavities. Quality factors of up to 13000 are demonstrated.
The low nonlinear losses have enabled the demonstration of second and third
harmonic generation in those cavities with powers up to twice as high as
possible in silicon.
A computationally efficient model for designing coupled resonator band-
pass filters is used to design bandpass filters. Single ring resonators are
fabricated using a novel method to define the circular shape of the rings to
improve the fabrication quality. The spectral responses of the ring resonators
are used to determine the coupling coefficient needed for the design and fab-
rication of the bandpass filters. A flat top bandpass filter is fabricated and
characterized as demonstration of this method.
A passive all-optical regenerator is proposed, by integrating a slow-light
photonic crystal waveguide with a band-pass filter based on coupled ring
resonators. A route of designing the regenerator is proposed by first using
the dispersion engineering results for nonlinear pulse propagation and then
using the filter responses to calculate the nonlinear transfer function.
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Thesis outline
This thesis is divided in six main chapters. First, the development of non-
linear optics towards microphotonic enhancement is introduced. Chapter
two deals with the theory and fabrication of slow light photonic crystals in
chalcogenide glasses. In the third chapter, the modelling and fabrication of
bandpass filters based on ring resonators is discussed. An essential part of the
fabrication - vapour phase etching - is discussed in the fourth chapter. The
linear characterization of slow light photonic crystal waveguides in chalco-
genide glasses is discussed in the fourth chapter, which is followed by the
nonlinear characterization of the slow light waveguides and photonic crystal
cavities. After the conclusions, the nomenclature is given in appendix A.1.
Finally, in appendix A.2 a combined slow light - ring resonator 2R regenerator
is proposed. The numerical models to perform nonlinear pulse propagation
in slow light photonic crystal waveguides and the calculation of the nonlin-
ear transfer function with which the regenerator can be characterized are
described.
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1 Introduction and state of the art
1.1 Goals
Optical communication networks require fast optical packet switches and
regenerators for routing and transmitting optical data packages. Today’s
fastest optical packet switches work at speeds of up to 40Gbit/s. These
speeds can only be achieved using slower electronics that operate in parallel
[1]. These systems typically have a power consumption of around 10kW
and a footprint of around 0.5m2. An optical regenerator, for example the
Cisco OC-48/STM-16 [2], that works at the same speed still uses around
0.13m2 of space and has a heat dissipation of 100W . Taking into account
that optical regeneration is necessary for every 80km of fiber in the network,
the total energy consumption and excess heat is immense. The demand for
increasing speed and bandwidth requires faster solutions with lower power
consumption and smaller footprints. All-optical solutions can provide both
faster processing speed and lower power consumption, since the opto-electro-
opto conversion is cut-out of these schemes. Most all-optical regeneration
techniques employ nonlinear optics, including self phase modulation (SPM),
four-wave mixing and cross-phase modulation1. All these nonlinear effects
are based on Kerr nonlinearity with a dielectric polarization ~P (t) that is
1Please see appendix A.1 for definitions.
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intensity dependent:
~P (t) = χ(3)(r, t) · | ~E(r, t)|2 ~E(r, t). (1)
with the Intensity I = (n0c/8π)| ~E(r, t)|
2 = P(t)
Aeff
[Wm−1], where P(t) is the
input power, χ(3)(r, t) [m2V −2] is the third order susceptibility at position r
and time t, ~E(r, t) [V m−1] is the electric field and Aeff the effective area of
the optical mode. To get a sufficient dielectric polarization for the desired
effect, one can either chose a highly nonlinear material, hence change χ(3),
or increase the peak intensity whilst keeping the pulse energy low. For a
constant pulse energy, the latter can be done by either compressing the pulse
in time, thus increasing the peak power, or decreasing the mode area, and
hence confining the mode. The ultimate goal is to reduce the size of all-
optical signal processing devices by choosing highly nonlinear materials and
the appropriate structure for high mode confinement. This can result in low-
power, low-cost and faster signal processors that can ideally be integrated
on-chip and can, for example, control the inter-chip communication on next
generation computer motherboards.
In this chapter the development of nonlinear optics towards low power
operation in optical fibers is reviewed. Using the example of SPM, I discuss
the need of mode confinement, dispersion engineering and the choice of ma-
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terial for low power nonlinear optics.
Furthermore, the development towards integrated on-chip photonic solutions
is reviewed and the advantages of high mode confinement and dispersion
engineering in microphotonic structures in silicon are shown. A new class
of highly nonlinear materials, chalcogenide glasses are then introduced and
the state-of-the-art of microphotonic devices for this class of materials is re-
viewed. Finally, the problems and the work in chalcogenide microphotonic
structures is reviewed.
1.2 Intensity enhanced nonlinear optics
A good example for the enhancement of nonlinear effects, by decreasing the
mode area and hence increasing the intensity, is SPM. The phase change that
is induced by the change in refractive index is
φ(t) =
2π
λ0
n(I)L, (2)
where n(I) is the intensity dependent refractive index, L is the interaction
length and λ0 is the center wavelength of the optical pulse and it is assumed
that there are no losses. This phase change results in a frequency shift of the
optical pulse
ω(t) =
dφ(t)
dt
. (3)
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The first demonstration of SPM was carried out by Shimizu in 1967 [3]. Us-
ing 10ps pulses and an estimated peak power of around 1kW , Shimizu could
demonstrate SPM in a 7.5cm long tube filled with liquid carbon disulfide.
Alfano et.al. [4] used around 0.2GW frequency doubled Nd-glass laser pulses
at a wavelength of 503nm with a pulse duration of 4ps to demonstrate SPM
in glass, quartz and calcite. The 1.2mm diameter beam was comparable to
the previous experiments performed in liquid CS2 and yielded a mode area
of around 1.1mm2, but due to the lower dielectric susceptibiltiy χ(3) in solids
the input peak power was greatly increased. These powers are considerably
higher than typical optical pulses in telecommunications, therefore nonlin-
ear optics in bulk media is not suitable for all optical regeneration schemes.
A breakthrough was achieved by Stolen et.al.[5] by demonstrating SPM in
silica optical fibers. Optical fibers achieve their waveguiding through total
internal reflection at the core-cladding boundary. To ensure single mode op-
eration, the waveguide diameter is in the order of a few µm, which is useful
for nonlinear optics in that it confines the mode to a much smaller area.
With only up to 3W input peak power phase changes of up to 4.5π could
be observed for pulses with a duration between 140ps and 180ps. These ex-
tremely low input powers were possible for two reasons. First, because of
low losses, down to 17dB/km, that were reported at the pump wavelength
of 514.5nm, the fibers could extend up to 99m, hence increasing the inter-
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action length by several orders of magnitude. Secondly, the core diameter of
3.35µm decreased the mode area down to around 8.8µm2, which is six orders
of magnitude smaller than in the first experiments on SPM in glass. Even
though the pulse width was much bigger than in the previous experiments, a
clear advantage of silica fibers, not only in terms of length, but also in mode
confinement, is clearly apparent. In that respect, optical fibers are ideal for
nonlinear experiments, since their low losses, down to 0.2dB/km, allow us to
perform experiments in several km long fibers and their mode confinement
further enhances the intensity, allowing low power operation. A further ad-
vantage of fiber nonlinear optics is the possibility to engineer the dispersion.
Birks et.al. have demonstrated supercontinuum generation in tapered silica
optical fibers [6]. By tapering the fibers, the mode overlap with the fiber was
changed and hence the dispersion properties changed. Figure 1.1a) shows the
changed dispersion properties of the tapered fibers. A resulting supercontin-
uum generated spectrum can be seen in figure 1.1b). The crucial point for
such a strong nonlinear response is the dispersion engineering of the fibers.
By tapering the fibers, the group-velocity dispersion can be engineered from
normal, as expected from bulk silica values, to anomalous. Micro-structured
fibers, on the other hand, offer a much broader parameter space for changing
the dispersion properties of the used material. They obtain their waveguiding
properties not from the index difference of a solid glass core and surrounding
22
a) b)
Figure 1.1: a) Group-velocity dispersion of tapered silica optical fibers with
diameters of 1µm, 1.5µm, 2.5µm and bulk (from left to right).
b) Supercontinuum spectrum of a 1.8µm diameter fiber pumped
with 300mW , 200 ∼ 500fs pulses at 850nm. Both taken from
[6].
air as in standard optical fibers, but from closely spaced air holes along the
fiber which, analogous to photonic crystals, form a bandgap perpendicular
to the propagation direction. Figure 1.2 shows the cross section of a typi-
cal photonic crystal fiber, taken from [7]. The geometry of photonic crystal
Figure 1.2: Cross section of a typical photonic crystal fiber, taken from [7].
fibers can be easily changed, not only by tapering them to different diam-
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eters, but also by changing certain tubes, introducing rods, or solid cores,
changing the tube distribution or the material. Not only the mode can be
confined in fibers, but also the material of the fiber can be changed to in-
crease the nonlinear polarization. Gopinath et.al. used a 2cm long bismuth
oxide highly nonlinear fiber to generate supercontinuum spectra with as lit-
tle as 7mW average power [8]. The fiber was tapered to yield an effective
area of 3.3µm2. The tapering in combination with the higher nonlinearity
of the material resulted in a 400 times higher nonlinear response compared
to standard silica tapered fibers. At the measured output power of 7mW
the spectrum was broadened to around 300nm. Practical devices that make
use of the mode confinement and material properties of optical fibers can be
found, for example, in all-optical regeneration. In a silica highly nonlinear
fiber2, Her et.al. [9] have shown all-optical regeneration of 40Gbit/s signals
with 3km HNLF and only 1.2W input power. In As2Se3 fibers, one of the
most common chalcogenide glasses, Fu et.al. have shown similar results us-
ing only 2.8m long fiber [10]. Though their input power with 8W was higher
than the earlier experiment, the length of the used fiber has decreased by
three orders of magnitude. This advantage can be attributed to the material
properties of the fiber.
2Please see appendix A.1 for the definition of a highly nonlinear fiber.
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1.3 From fibers to microphotonics
The heat dissipation problem and speed stagnation of microprocessors in
recent years necessitate the development of all-optical solutions. All optical
components could serve as solutions for inter- and intra-chip communication,
or, ideally, even as optical computing units. The advantages of such schemes
are the higher bandwidths per communication channel and lower, or no heat
dissipation. Therefore, the ultimate goal is to develop on-chip solutions.
For this, the high mode confinement in high refractive index materials,
such as silicon( with a refractive index of around 3.5) can be utilized. Silicon
also has the advantage of being the material of choice in microelectronics,
hence making it easier to integrate optics with microelectronics. With such
a high refractive index, single mode operation in silicon can be achieved in
photonic wires with a cross section as low as 220nm × 500nm. This is a
further decrease of mode area by one order of magnitude compared to ta-
pered fibers. The dimensions and fabrication processes allow us to integrate
a large number of photonic functions on a single chip. This can lead to low
cost photonic integrated circuits that are superior to their electronic cousins.
Many nonlinear optical effects have been demonstrated in silicon photonic
wires. Liu et.al. have demonstrated wavelength conversion by four wave
mixing [11]. A 2ps, 27.9W pump laser was used with a continuous wave
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source with less than 0.45mW to demonstrate four-wave mixing at a wave-
length range around 2100nm. A remarkable result for low power nonlinear
optics was achieved by Espinola et.al. [12]. In a 220nm × 445nm photonic
wire with a length of 4.6mm, Raman amplification was demonstrated using
only 20.5mW pump power and ∼ 1mW signal power. Degenerate four-wave
mixing3 was demonstrated in dispersion engineered photonic wires with a
cross section between 550nm × 300nm and 600nm × 300nm with a length
of 6.4mm [13]. A peak pump power of 4.2W was used in the range between
1525nm and 1540nm in order to demonstrate an on/off gain of 2.9dB. This
low power nonlinear operation made several low power applications possible.
Salem et.al. have demonstrated all-optical regneration using the 2R regener-
ation principle according to Mamyshev [14], which will be explained in detail
in chapter A.2. The regenerator consisted of an 8mm long photonic wire fol-
lowed by a ring resonator filter. A saturated nonlinear transfer function was
achieved with 6W maximum peak power. Salem et.al. also demonstrated
signal regeneration using four-wave mixing, where only 400mW were needed
to saturate the nonlinear transfer function [15]. Here, the silicon photonic
wire was only 1.8cm long with a cross section of 300nm×500nm. While these
results are already remarkable compared to the experiments in optical fibers
in terms of input power and footprint, for true integration, the footprint has
3For the definition of degenerate four-wave mixing, please see appendix A.1
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to be decreased even further.
1.3.1 Light localization in periodic structures
To increase the light-matter interaction further and at the same time decrease
the physical dimensions of micro-optic devices, the optical path length L′ =
ngL, where ng is the group-index and L is the physical path length, can be
increased by slowing down the light pulse to a fraction of the vacuum speed
of light c = 299792458m/s.
Several techniques have been exploited to achieve slow light in matter.
The record speed of 17m/s was achieved in an ultracold sodium gas by means
of electromagnetically induced transparency [16]. This record speed was
achieved at the expense of bandwidth by means of an atomic transition,
which resulted in a transmission peak of around 2MHz width.
For practical on-chip solutions and telecommunications, bandwidth is of
key importance. Nonlinear effects such as pulse broadening or wavelength
conversion rely on large bandwidths. This can be done in microphotonics
by manipulating the k-vector of a propagating wave. Structures that al-
low such dispersion engineering are photonic crystal waveguides and coupled
resonator optical waveguides (CROW). Both structures are resonant struc-
tures, therefore they exhibit complex band structures, but the propagation
mechanisms are different. A CROW can be formed from coupled microdisk
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Figure 1.3: Dispersion relation of a CROW with κ = −0.1, calculated using
eqn 4 and an electron micrograph of a coupled resonator optical
waveguide (inset, from [17]).
resonators or nanowire ring resonators or other cavity schemes. The inset of
figure 1.3 shows a CROW based on ring resonators, the most commonly used
geometry, taken from [17]. A light pulse in resonance with a ring cavity can
couple to a resonator and after circulating several times, it can propagate by
coupling to the next resonator, thus slowing down the light and increasing
the light-matter interaction. This manifests itself in the dispersion relation
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of the CROW [18]:
ω(k) = ω0
(
1−
∆α
2
+ κcos(KΛ)
)
, (4)
where ω(k) [ rad
s
] is the angular frequency corresponding to the Bloch wave
vector K [m−1], ω0 [
rad
s
] is the resonance frequency of the individual res-
onator, κ the coupling parameter4, ∆α/2 the fractional self frequency shift4
and Λ [m] is the periodicity of the coupled rings. A plot of the dispersion
relation can be seen in figure 1.3, calculated for ∆α/2 = 0 and κ = −0.1.
By using lower absolute values for κt, the dispersion relation can be flat-
tened out and the group velocity vg = dω/dK decreased, while at the same
time the bandwidth is decreased. CROWs are a good platform for optical
buffering. In a CROW consisting of 100 ring resonators, a delay of 220ps was
achieved for a footprint of 0.045mm2 [17]. In comparison, in a 4cm long bent
photonic wire, somewhat more than double the delay could be achieved but
at the expense of a 25 times larger footprint5. On the other hand, nonlinear
optics can only be performed in CROWs to a certain extend. Since they are
a resonant structure, they are bandwidth limited, but the discrete frequency
comb of CROWs based on ring resonators makes parametric processes pos-
sible, and this has been studied, for example, theoretically for the case of
4Unitless.
5A 3 times larger footprint would be necessary for an optimized structure.
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four-wave mixing [19] and second harmonic generation [20].
1.3.2 Photonic cystals as ultracompact waveguides
Analogous to conventional crystals for electrons, photonic crystals form pe-
riodic potentials for electromagnetic waves. This was first investigated by
Sajeev John [21] and Eli Yablonovich [22] in 1987 for light localization and
engineering of the density of states, respectively. Figure 1.4 shows an SEM
micrograph of a 2D photonic crystal waveguide. The waveguide is created
by removing a row of holes in the triagonal lattice of airholes in the silicon
slab. The guiding mechanism in 2D photonic crystals enable us to engi-
Figure 1.4: Electron micrograph of a 2D photonic crystal waveguide. The
waveguide is formed by omitting a row of holes.
neer the dispersion with wide bandwiths of several nm. This will be subject
of chapter 2. Different nonlinear optical effects have been demonstrated in
silicon photonic crystal waveguides, such as self phase modulation or third
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harmonic generation. Typical waveguide dimensions do not extend beyond
about 100µm in length and around 15µm in width. One of the best examples
of the advantages of photonic crystals is a 5µm long 2×2 directional coupler6
[23]. The coupler consists of two slow light photonic crystal waveguides that
are brought together close enough to form a supermode through which light
can couple from one waveguide to the other. This compares directly to fiber
optics, where several mm long coupling sections are needed.
1.3.3 The limits of silicon and the search for other materials
Silicon microphotonics benefits from the well known material properties and
the mature fabrication methods associated with the strong microelectron-
ics industry. Optically, silicon has its limits in the nonlinear regime, how-
ever. On one hand, the nonlinear refractive index, (n2 ≈ 4.5 · 10
−14cmW−1)
is very high, while on the other hand, the two-photon absorption coefficient7
(βTPA = 7.9 · 10
−10cmW−1] is also very high. Both n2 and βTPA affect the
overall phase change of an optical pulse that is travelling through a material
with linear and nonlinear losses [24]:
φ = k0L+ 2π
n2
βTPAλ
· ln (1 + βTPAILeff) , (5)
6Please see appendix A.1 for the definition of a directional coupler
7Please see appendix A.1 for the definition of two-photon absorption.
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with the effective length Leff = (1− exp(−αL)) /α [m], where α is the linear
loss in [m−1]. The factor
FOM =
n2
βTPAλ
, (6)
where λ [m] is the wavelength of interest and α [m−1] are the linear losses, can
be defined as the nonlinear figure of merit. To visualize the importance of the
FOM, one can look at the case of a nonlinear Mach-Zender interferometer8
made out of a material with a figure of merit of FOM = n2/βTPAλ = 1.
A π phase shift is necessary in one arm to modulate the output signal from
high to low. This is equal to the phase change being half the wavelength
∆nL = n2IL = λ/2, where ∆n is the refractive index difference between
the two arms with length L at wavelength λ. This phase change results in a
nonlinear attenuation of
βTPAI =
1
2L
. (7)
The electric field is then attenuated by the nonlinear losses by a factor of
e−1/2:
E(L) = E0e
−βTPAI·L = E0e
−
1
2 , (8)
8Please see appendix A.1 for the definition of a Mach-Zender interferometer.
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where E0 is the input electric field. This causes the output power of one arm
to decrease by e−1:
P (L) ∝ |E(L)|2 = P0e
−1, (9)
where P0 is the power of the optical signal at the input of the interferometer.
Silicon, though, has a nonlinear FOM = 0.37. Moreover, free carriers can be
created successively because of the high TPA coefficient, which causes free
carrier absorption (FCA)[25]. Free carriers can be created in semiconduc-
tors whose electronic bandgap is less than twice that of the incident light
energy due to two-photon absorption. This is the case for silicon, which has
a bandgap of around 1100nm [26]. Moreover the silicon bandgap is indi-
rect, which causes relatively long free carrier lifetimes, since they can only
relax after exchanging momentum with a phonon. In silicon, the free carrier
absorption coefficient αFCA can be expressed as [27]:
αFCA = 1.45 · 10
−29m2
{
λ
1.55 · 10−6m
}2
βTPAτFCAλ
2hc
, (10)
where h is the Planck constant, c is the vacuum speed of light, τTPA is the free
carrier lifetime and λ is the wavelength. An example for the detrimental effect
of FCA is the pulse asymmetry obtained in SPM measurements in 80µm long
photonic crystal waveguides [28]. The asymmetry that can be seen in the
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Figure 1.5: SPM broadened spectra in a slow light photonic crystal waveguide
with ng ≈ 30, taken from [28].
SPM broadened spectra in a slow light photonic crystal waveguide (figure
1.5) is caused by the time dependence of the FCA. The pulse front creates
the free carriers and the back of the pulse gets absorbed by them. Because
the lower frequency components travel in the front and the higher (blue)
frequency components in the rear get attenuated. In addition to the blue
side lobe being attenuated, one can also see a blue shift of the high power
spectrum due to an increased refractive index caused by the free carriers.
To overcome the free carrier absorption and two-photon ab-
sorption, other nonlinear materials have to be investigated for mi-
crophotonics.
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1.3.4 Chalcogenide glasses as a new type of nonlinear material
Chalcogenide glasses are very complex class of materials with a wealth of op-
tical and structural effects. They consist of the chalcogen elements Sulphur
(S), Selenium (Se) and Tellurium (Te) or a combination of these elements
together with matrix forming elements. Their refractive index ranges from
n ≈ 3.5 for As2Te3 to n ≈ 2.35 for As2S3 [29]. Their most striking feature
is the high nonlinear refractive index and low two-photon absorption with
virtually no FCA. The fact that no FCA is observed in chalcogenide glasses
at the wavelength of 1550nm is because of the bandgap energy of around
Eg ≈ 2eV , which is more than double the single photon energy. They still
are within the definition of semiconductors, however. Table 1 compares the
nonlinear properties of the three chalcogenide materials that are investigated
in this thesis with silicon. The three chalcogenide glasses that are investi-
gated are As2S3 ,Ge33As12Se55 (AMTIR-1) and Ge11.5As24Se64.5 for their high
nonlinear FOMs. The highly promising nonlinear properties come at the ex-
pense of very complex structural differences from other materials. Not only is
the stress modulus considerably lower than in silicon, they also have a flexible
atomic structure, because the chalcogen atoms have a two-fold coordination.
This flexibility manifests itself in several photoinduced phenomena that can
be either beneficial or destructive for optical applications. Several differ-
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ent phenomena are known [30]: Photocrystallization, photopolymerization,
photodecomposition, photo-contraction and expansion, photovapourisation,
photodoping and local changes in the atomic configuration. Degradation can
also be seen over time. It has also been reported that chalcogenides suffer
from aging [31].
Material n2
[
cm2
W
]
β2
[
cm
W
]
FOM Bandgap [nm] Stress modulus Reference
As2S3 2 · 10
−14 2 · 10−11 12.9 604 1177 ∼ 1422 N
mm2
[32] [33]
Ge33As12Se55 (AMTIR-1) 15 · 10
−14 4 · 10−10 2.4 600 1.17 N
mm2
[34] [35]
Ge11.5As24Se64.5 8 · 10
−14 N/A ≈ 60 N/A N/A [36]
Si 4.5 · 10−14 7.9 · 10−10 0.37 1100 47 · 103 N
mm2
[37] [26][38]
Table 1: Material comparison for the three chalcogenide glasses that are in-
vestigated in this work and silicon.
1.3.5 State-of-the-art - applications of chalcogenides and compar-
ison with silicon
Since chalcogenide glasses are amorphous compounds, different thin film9
deposition techniques were investigated for their ability to preserve the sto-
ichiometry. Pulsed laser deposition was reported for As2S3 films [39] and
Ga-La-S chalcogenide thin films [40] and thermal evaporation was used to
deposit Ge23Sb7S70 thin films for waveguide fabrication [41]. Several nonlin-
ear experiments were done in chalcogenide microphotonic devices. A 60mm
longAs2S3 rib waveguide was used to demonstrate supercontinuum genera-
tion by Lamont et.al. [42]. A 870nm high slab was etched down by 380nm
9Please see appendix A.1 for the definition of a thin film in this context.
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to form a 2µm wide waveguide. In this rib waveguide10 a 750nm wide su-
percontinuum spectrum could be achieved by pumping it with 610f s laser
pulses at 68W peak power and a wavelength of 1550nm. This can be com-
pared with 350nm achieved in a 4.7cm silicon nanowire using 100f s pulses
[43]. By comparing the 1W input power of the silicon experiment with the
68W input power of the chalcogenide experiment, it is clear that even though
the chalcogenide results are promising, the silicon results are superior. This
is due to the fact that the silicon fabrication technology is more mature.
The pattern definition and etching for high quality photonic wires requires a
higher level of precision than the fabrication of rib-waveguides. Rib waveg-
uides benefit from a lower field intensity at the surfaces, hence roughness and
imperfections have less impact on the propagation losses. The lower inten-
sity is due to the bigger mode in rib-waveguides. This affects the nonlinear
response negatively, which has to be compensated for by higher input powers.
A step towards higher mode confinement in chalcogenide glasses was the
first demonstration of photonic crystals in chalcogenide glasses that were fab-
ricated by focused ion beam (FIB) milling [44] in 2005. The first photonic
crystals that were fabricated using electron beam lithography and dry etch-
ing were fabricated by Yinlan et.al. in 2007 [45], avoiding the parasitic ion
implantation of FIB milling. Even though, similar fabrication techniques to
10Please see appendix A.1 for the definition of a rib waveguide.
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those employed in silicon photonic crystals were used, these photonic crystals
were not coupled to access waveguides, but using the evanescent modes of
a tapered silicon fiber [46]. The bandwidth limitation of this method does
not allow a full characterization of the photonic crystals. The bandwidth
limitation associated with this measurement method were avoided by butt
coupling that was first demonstrated in chalcogenide glasses by Suzuki et.al.
[47]. This coupling method allowed a full characterization, including cut-
off measurements, where the transition between the guided mode and the
bandgap is measured. Also, the first nonlinear effects were demonstrated
using this method. These photonic crystals were fabricated in silver doped
As2Se3, which caused linear losses as high as 140dB/cm [48] in the fast
light regime. The four-wave mixing efficiency in these waveguides can be
directly compared to the four-wave mixing results achieved in silicon [49].
Both waveguides had a similar length, with 396µm in chalcogenide glasses
and 400µm in silicon. At an ng ≈ 15, Suzuki et.al. achieved a conversion
efficiency of around −14dB, whilst in silicon a conversion efficiency of −24dB
was observed at an ng ≈ 30. Despite the higher conversion efficiency in the
silver doped chalcogenide glasses, they show three distinct drawbacks that
have to be overcome: First, the high propagation losses that were partially
induced by the silver doping have to be lowered. Secondly, the silver doping
smears out the intrinsic benefits of chalcogenide glasses for nonlinear op-
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tics and, thirdly, integratability has to be demonstrated by combining the
photonic crystals with access waveguides11.
1.4 Summary
Low power, all-optical, signal processing can be performed in microphotonic
devices. Photonic crystals offer a CMOS12 integrable platform for on-chip
solutions. Silicon, on the other hand, is limited in its operation due to
two-photon absorption and successive FCA. To overcome these limitations,
other materials, such as chalcogenides glasses are investigated because of
their higher nonlinear FOM. The results in chalcogenide photonic devices
are promising, yet so far inferior to the results achieved in silicon. This is
due to the less mature fabrication technology of chalcogenide microphotonic
devices. Clear advantages of chalcogenide microphotonic devices have to be
demonstrated and thus will require a higher fabrication quality.
11Please see appendix A.1 for the definition of an access waveguide.
12Please see appendix A.1 for the definition of CMOS.
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2 Dispersion Engineered Chalcogenide Photonic
Crystals
In this chapter the theory behind slow light engineering and the fabrication of
slow light photonic crystal waveguides is discussed. The aim is to achieve high
group-indices away from the bandedge in order to achieve wide bandwidths
over the same group-index.
2.1 Theory
2.1.1 2D photonic crystal waveguides in silicon and chalcogenides
The two-dimensional (2D) photonic crystals that are investigated in this the-
sis consist of a dielectric slab with λ/2n-thickness and 2D air holes. The slab
is sandwiched between air cladding for a vertically symmetric mode. A lat-
tice consisting of a triangular lattice of air holes in the slab was employed.
A line defect, where a row of holes is removed in the Γ − K13 direction of
the reciprocal lattice serves as waveguide. Light can propagate inside this
defect, since it is confined by total internal reflection14 in vertical direction
and by the bandgap in plane. Figure 2.2 shows a schematic of a photonic
crystal waveguide, where one line of holes was removed to create the line
13Please see appendix A.1 for the definition of the reciprocal lattice and the Γ − K
direction.
14Please see appendix A.1 for the definition of total internal reflection.
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defect15. Due to their lower refractive index, 2D photonic crystal waveguides
in chalcogenide glass offer a great challenge for dispersion engineering. The
relatively low refractive index contrast of nmat : nair ≈ 2.3 ∼ 2.7 : 1 results
in a narrower operative range than for silicon with a refractive index con-
trast of nmat : nair ≈ 3.48 : 1. The position of the mode within the band
diagram depends on the refractive index difference. A lower refractive index
shifts the position of the fundamental mode to higher normalized frequencies
a/λ, which causes both, the k-range and wavelength range to shrink. For
comparison between AMTIR-1 and silicon, figure 2.1 shows the dispersion
curves for the fundamental modes of both materials with refractive indices of
3.48 and 2.6, respectively. The light line, above which the light is no longer
confined by total internal reflection in the vertical direction, is indicated by
the broken black line. The light grey area represents the light cone, in which
light is no longer confined due to total internal reflection but irradiates into
the continuum. Due to its larger refractive index, the fundamental mode of
silicon is situated lower in the bandstructure. This results in a wider k-range
between the crossing with the light-line and the end of the first Brioullin
zone at k = 2π/a, where a is the lattice constant of the crystal. For silicon,
this is reflected in a usable k-range of ∆k ≈ 0.44π/a. For AMTIR-1, the
operative range reduces to ∆k ≈ 0.29π/a. This reduction in k-range affects
15Please see appendix A.1 for the definition of a line defect.
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the performance of photonic crystal devices in two ways. First of all, the
operation closer to the band-edge increases the losses due to backscattering
and, secondly, the k-range for dispersion engineering is reduced by a factor
of about 2/3. This translates to a reduction of the usable wavelength range
down to ∆λ ≈ 28nm for AMTIR-1 as compared to ∆λ ≈ 87nm for silicon.
Figure 2.1: Dispersion curve of both fundamental modes of silicon and
AMTIR-1 below the light line. The light line and the bandedge
limit the range of operation. The AMTIR-1 mode is shifted to
higher normalized frequencies and hence is more limited in its
range of operation compared to silicon.
2.1.2 Dispersion Engineering
The fundamental W1 mode is a superposition of an index-guided (IG) and
gap-guided mode (GG). The IG mode is confined by total internal reflection
out of the slab plane. In plane, the GG mode is confined by the photonic
crystal. The periodicity of the air holes forms the 2 D equivalent of a Bragg
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Figure 2.2: Schematic top view of a W1 photonic crystal waveguide. The
shifts for dispersion engineering are marked with the red arrows
s1 for the first row and s2 for the second row.
mirror, which reflects the electromagnetic wave back into the line defect.
The interaction of these two modes forms the guided W1 mode [50]. At
the intersection point of the IG and GG modes the modes do not cross, but
form an anti-crossing, which results in a mode gap in the photonic band gap.
The position and shape of the anti-crossing can be changed by changing the
index or gap guided modes. This can be done by changing the hole radius
or position of the holes adjacent to the line defect. Figure 2.3 shows the
interplay between the index guided and gap guided modes that form the
W1 modes. One can see that the slope, and with it vg, decreases towards
the bandedge. But, despite the increasing ng, δλ is limited by the strong
dispersion and the bandgap. But, since it is desired to slow down light over
a wide bandwidth for nonlinear optics and signal processing, one has to take
the relative bandwidth δω
ω
into account. This can be done by defining the
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Figure 2.3: Even W1 mode created by the interplay between the index guided
and gap guided modes. After [50].
group-index bandwidth product
GIBP = ng
δω
ω
, (11)
where the group index is defined as
ng = −
∂ω
∂k
−1
, (12)
where ω is the angular frequency and k is the wave vecotr. The GIBP can
be used to compare different dispersion techniques. Several techniques have
been used to engineer the dispersion in silicon photonic crystal waveguides,
based on the understanding of the guiding mechanism. The first method uses
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a variation of the waveguide width, analogous of the dispersion engineering
in silicon nanowires [51]. For example, Petrov et.al. achieved an ng ≈ 50 by
reducing the waveguide width [52]. Notomi et.al. demonstrated experimen-
tally large vg dispersion in reduced width waveguides [50]. This method has
proven to be successful in altering the dispersion properties of the waveg-
uides, but at the same time, one is limited by the number of variables with
which the dispersion can be controlled. Another alternative is the change
of the diameter of holes adjacent to the waveguide, which was demonstrated
by Frandsen et.al. [53]. Changing the hole radius precisely is very difficult
to achieve experimentally, however. Beggs et.al. have shown that a 2nm
radius change can result in a shift of 10nm in the bandedge [54]. Sufficient
experimental control to achieve such precision is difficult to achieve repeat-
edly. A change of the hole position longitudinally to the waveguide was used
by Hamachi et.al. [55]. An ng ≈ 50 was achieved over an experimentally
measured ∆λ ≈ 5nm, resulting in a GIBP ≈ 0.16. Li et.al. demonstrated
dispersionless slow light by changing the position of the first two rows of
holes perpendicular to the waveguide [56]. Using this method a maximum
GIBP ≈ 0.3 could be achieved, resulting in a higher ∆λ at the same group-
index. For example, for the same ng ≈ 50, ∆λ almost doubled to around
9nm.
In this work, the dispersion engineering method developed by Li et.al. was
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applied to engineer dispersion in chalcogenide waveguides, because the high
group-index bandwidth products that were reported in silicon. The positive
shift of the rows was defined to be towards the centre of the waveguide. The
first row affects both the gap-guided and the index guided modes and the
second row only affects the index guided mode.
The band-diagrams were calculated using a 3D plane wave expansion
method implemented in the ”MPB” software package [57]. The fundamental
guided mode was used to calculate the group-index. The group-index was
defined as being constant within a variation of ±10% The 2D color plot in
Figure 2.4: Map of the group-index bandwidth product calculated by a 3D
plain-wave expansion method as a function of s1/a and s2/a,
where s1 and s2 are the shifts of the first and second row adjacent
to the waveguide as shown in figure 2.2. The colors represent the
group-index-bandwidth product and the contours represent group
indices.
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figure 2.4, shows the GIBPs for the examined parameter space for AMTIR-
1, calculated with n = 2.6. The GIBP can be up to ≈ 0.26, whilst the
ng cannot reach more than ng ≈ 40 (black countours). In AMTIR-1, an
Figure 2.5: ng curves for the fundamental mode of five designs ranging from
ng ≈ 20 to ng ≈ 40. The red curves indicate the areas where ng
is ±10% of the mean ng.
ng ≈ 40 can be reached with ∆λ ≈ 10nm, leaving enough bandwidth for
signal processing operation. Figure 2.5 shows five ng curves versus λ. When
high ngs are reached, the ng curves are no longer flat, but show a peak,
where the dispersion changes from anomalous to normal. We also note that
the bandwidth for the four highest ng curves is almost constant to a change
in ng from around 25 to 40.
Theory 47
2.1.3 Effects of slow light on the mode area and nonlinear re-
sponse
Figure 2.6: Mode area calculations for different vgs, taken from [58]
Figure 2.6 shows the intensity distribution of the electric field in W1
waveguides, taken from [58]. The field is less confined in the slow light
regime than in the fast light regime. The effective mode area Aeff [m
2] can
be calculated by using
Aeff =
1
a
(∫
V ol
|E|2dV
)2∫
V ol
|E|4dV
. (13)
For example, the mode area in silicon photonic crystal changes from 0.12µm2
to 0.5µm2 when the group-index is changed from ng = 4 to ng = 30 [49]. In
chalcogenides, the mode area is increased by ≈ 40% in the fast light regime
being Aeff = 0.17µm
2, which increases to Aeff = 0.26µm
2 at ng = 20 [48].
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2.1.4 Conclusions
The guiding mechanism in W1 photonic crystal waveguides allows us to mod-
ify the dispersion properties of the waveguide. In this work, the first two rows
of holes adjacent to the waveguide are shifted to engineer slow light. Even
though the refractive index difference in chalcogenide photonic crystals is
considerably lower than in silicon, a GIBP ≈ 0.26 can be achieved. The
maximum ng that can be achieved in the high GIBP regime is ≈ 40.
2.2 Photonic crystal fabrication
Several complicating issues occur during the fabrication of chalcogenide pho-
tonic crystals:
a) They are more fragile than standard semiconductors, such as silicon or
GaAs.
b) They react with basic chemicals, especially with solvents.
c) Their susceptibility to structural changes by incident light imposes fur-
ther challenges in the fabrication process, such as photocrystallization
or refractive index changes.
The following section explains the fabrication of chalcogenide photonic crys-
tal waveguides and the solutions found for the above mentioned problems.
Photonic crystal fabrication 49
First, an overview of the fabrication process is provided, identifying the prob-
lems at each step. Next the solutions to the issues are presented and the
differences with the standard silicon process are described. The process flow
can be seen in figure 2.7.
2.2.1 Pre-processing
In the preprocessing, the sample is cleaved to a size of around 1× 1cm2(see
figure 2.7a)). The sample accumulates dust and other particles during this
handling process which impede the fabrication process. Therefore the sample
has to be cleaned thoroughly before further processing. This is done by
immersing the sample in a piranha solution (a 3:1 solution of sulfuric acid
(H2SO4) and hydrogen peroxide (H2O2)) and successive cleaning steps in
sonic bath agitated acetone (ACE) and then an isopropanol (IPA) bath. The
piranha solution oxidizes organic debris and the ACE and IPA baths remove
inorganic residues with the help of sonic bath agitation. Tests that were
performed using Ge33As12Se55 in the piranha solution turned out negatively
since the chalcogenide glass thin film was completely removed by the solution.
Hence this solution cannot be used to clean chalcogenide glasses. To test
the stability of the three chalcogenide glasses under investigation, As2S3 ,
Ge33As12Se55 and Ge11.5As24Se64.5 , test samples were immersed in ACE and
IPA for 48 hours. No material changes were found by optical and electron
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a) b)
c) d)
e)
Figure 2.7: a) The starting point for the fabrication is a sample, cleaved to
the desired size. b) The sample with the deposited electron-beam
resist c) after electron beam lithography and development and d)
with the transfered pattern in the chalcogenide layer after the re-
maining resist is remonved. d) The final step is the underetching
of the photonic crystal.
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microscope inspection. To test the stability of these glasses in the sonic
bath, the immersed samples were successively agitated. All samples exhibited
severe damage after 10s sonic bathing at the lowest sonic bath power of 12W.
Figure 2.8 shows a Ge11.5As24Se64.5 photonic crystal after a 10s sonic bath at
12W. Clearly areas of the photonic crystal are ripped away and also a micro-
damage to the sidewalls can be seen in the inset of figure 2.8. This severe
Figure 2.8: Damage to Ge11.5As24Se64.5 photonic crystals due to sonic bath.
Areas are ripped away and the sidewalls are severely damaged.
damage ruled sonic bath agitation out for sample cleaning. A solution was
found in the form of using a constant flow of nitrogen gas through the solvent
in which the sample is immersed. A single use HDPE pipe is placed over a
conventional nitrogen gun to prevent cross-contamination. The nitrogen flow
is adjusted manually. This way the solvent is stirred slowly and the bubbles
gently force the debris to come off. This method is not only used to remove
debris but also during the resist removal step.
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2.2.2 Chemical sensitivity
In addition to the piranha solution, IPA and ACE, further solvents are used
during the fabrication steps. Xylene is used as developer of ZEON ZEP
520A electron beam resist, which is conventionally removed by either oxygen
plasma etching or immersion in trichloroethylene and sonic bath agitation.
MF-319 is used as developer for Shipley S1818 photo-resist. The sample was
exposed to these chemicals in order to assess the chemical durability of the
chalcogenide glasses. The tests were performed in two time series. First,
samples were exposed for 12 hours, and then examined using optical and
electron microscopy, and then for 24 hours with subsequent examination.
Since the exposure times during the fabrication processes are much lower,
these time series yield an upper limit for the expected damage. Xylene did
Process As2S3 AMTIR-1 Ge11.5As24Se64.5
Xylene Yes Yes Yes
Trichloroethylene (Tric) No No No
Dimethylformamide (DMF) No Yes Yes
MF319 No No No
Sonic bath No No No
UV / O2-plasma No No No
HF gaseous gaseous gaseous
Table 2: Suitability of different chemicals and process for the chalcogenides
As2S3 , AMTIR-1 and Ge11.5As24Se64.5. ”Yes” = Suitable for chalco-
genide processing, no damage observed. ”No” = Unsuitable for
chalcogenide processing, damage was observed. The HF process is
only possible in the gaseous phase.
not cause any observable damage to the three chalcogenide glasses after 24
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hour immersion. This result enabled use of the high resolution electron-beam
resist ZEP-520A to define the photonic crystals.
Commonly, either oxygen plasma or a sonic bath in trichloroethylene is
used to remove the electron beam resist after the plasma etching. In this
case, oxygen plasma was ruled out because of its reaction with chalcogenide
glasses and the blue light emission during the etching which can cause light
induced changed in the chalcogenide thin film. The three chalcogenide glasses
were immersed in trichloroethylene, where damage could be observed after
12 hours immersion and hence was ruled out for use as a solvent. The lack
of available solvents for the resist removal was resolved by developing a new
removal method and introducing dimethylformamide as solvent. This organic
solvent did not provoke any observable damage to the thin films after 24
hours of immersion and was rated as suitable for resist removal. As a last
solvent, MF-319 was tested. MF-319 is used as a developer for Shipley S1818
photo resist. Even after an immersion time of 45s, severe damage to the thin
film could be observed, as can be seen in figure 2.9. This ruled S1818 out
as masking material. The first method that was developed to remove the
electron-beam resist involved heated Xylene. Since it is also used to develop
ZEP, an artificial overdevelopment was created by immersing the photonic
crystal samples in 138◦C hot Xylene for 30 minutes. The health risks involved
in this method led to the need of finding another method.
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Figure 2.9: Surface of AMTIR-1 after being exposed to MF319 for 45s. The
dark spots and uneven surface suggest surface damage.
Dimethylformamide (DMF) was found to partially dissolve the electron-
beam resist after immersing the sample in it for at least 6 hours. It reacts
with As2S3, but the other chalcogenide glasses are stable for 48 hours. After
6 hours, the resist was removed using nitrogen bubbling. The resist does not
dissolve in DMF, but it can be removed in a similar way to metal in a lift-off
process, it comes off in sheets. Unwanted redeposition has to be prevented
by constant nitrogen flow when taking the sample out of the solution.
2.2.3 Light induced changes
During the processing, the samples are exposed to daylight as well as to other
sources such as ultraviolet light in the plasma etching machines. This can
cause severe damage of the thin films. Figure 2.10 shows the surface of a pho-
tocrystallized As2S3 sample. To investigate the influence of UV light on the
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Figure 2.10: Surface of As2S3 after photocrystallization. The grainy struc-
ture is a sign of crystallized areas.
chalcogenide glasses, As2S3, AMTIR-1 and Ge11.5As24Se64.5 to UV light with
an intensity of ≈ 390µW/cm2 for 120h. As2S3 showed the most severe reac-
tion with photocrystallization. Both, AMTIR-1 and Ge11.5As24Se64.5 exhibit
light refractive index changes. Figure 2.10 shows the surface of photocrystal-
lized As2S3 . The grainboundaries are potential light scattering sources and
hence this material was ruled out for photonic crystal fabrication. AMTIR-1
and Ge11.5As24Se64.5 showed refractive index changes. Figure 2.11a) shows
the ellipsometry measurements before and after the exposure for AMTIR-1
and b) for Ge11.5As24Se64.5 . The ∆n ≈ 0.0377 in AMTIR-1 is about 4-
times higher than the ∆n (≈ 9 · 10−3) for Ge11.5As24Se64.5, both measured at
λ = 1550nm. For comparison, a resonance would shift by ∆λ ≈ 58nm in the
case of AMTIR-1 and ∆λ ≈ 13nm for Ge11.5As24Se64.5 . This light induced
change can severely affect the performance of a device.
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a) b)
Figure 2.11: Ellipsometry measurements of a) AMTIR-1 and b)
Ge11.5As24Se64.5. After being exposed to an intensity of
around 390µW/cm for 120h, AMTIR-1 shows a refractive
index change from 2.641 to 2.6787, which is about 4-times
higher than the refractive index change of 9 · 10−3 from 2.606
to 2.615 for Ge11.5As24Se64.5 .
2.2.4 Electron-beam resists
Two electron beam resists were tested for electron-beam writing: ZEON ZEP-
520A and Polymethyl Methacrylate (PMMA), both positive resists. These
resists are favourable for the creation of holes, since in positive resists the
exposed areas are removed during the development. ZEP-520A has a higher
etching resistivity than PMMA and hence the layer thickness can be reduced
to around 400nm in ZEP as compared to 600nm in PMMA. Important to
this work is the fact that the melting temperature of ZEP is ≈ 135◦C, whilst
PMMA melts at ≈ 100◦C. The etching machine used in this work requires
a heated sample and ZEP offers a wider possible temperature range.
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2.2.5 Electron-beam writing
The electron beam lithography was performed on a LEO 1530 SEM/ RAITH
Elphy Plus hybrid system that can create beams up to E = 30keV , resulting
in a wavelength of λe =
hc
E
≈ 41pm, which is far below the practical reso-
lution that can be achieved using electron-beam lithography. The practical
resolution is set by two parameters, namely the resist’s resolution and the
proximity error.
2.2.6 Proximity Error Correction
In electron-beam lithography, the area that is exposed by the electron beam
is bigger than the scanned area. The increase in exposed area is because the
electrons scatter within the material. Two main scattering mechanisms oc-
cur in the resist and sample. First, forward scattering occurs within the first
500nm to 1µm of penetration depth. This mechanism is mainly responsible
for the resolution limitation of a given resist. The second mechanism, back-
ward scattering of electrons, occurs for electrons that have penetrated further
into the material and hence have lost more energy. The typical scattering
lengths of backward scattered electrons can be several micrometers. Figure
2.12, taken from [59], illustrates this proces. In the Monte Carlo simulations
one can see a divergence of the electron beam within the resist layer which
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is caused by forward scattering. At the same time, a considerable fraction of
the electrons is scattered backwards. These electrons expose fractions of the
resist adjacent to the scanned area. The dose of the backward scattered elec-
Figure 2.12: Monte Carlo simulations of the electron distribution during a)
10kV and b) 20kV electron beam lithography. The forward scat-
tered electrons are causing most of the exposure at 20kV. Taken
from [59].
trons is not high enough to clear the electron beam resist in this area, but it
has to be considered when exposing complex structures. For example, during
the definition of the holes for a photonic crystal, the exposure of a single hole
affects the required doses of the adjacent holes and vice versa. Figure 2.13
illustrates this process. The schematic shows three structures that are writ-
ten into electron beam resist. The structure in the middle is subject to an
indirect exposure by the backscattered electrons of the other two structures.
Hence the dose that is required to expose the middle structure needs to be
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Figure 2.13: Schematic of the cross-section of a sample during electron beam
exposure. The black lines represent the backscattered electrons.
The exposed structure in the middle is affected by the backscat-
tered electrons of both adjacent structures.
lower than the doses of the outer two structures. In photonic crystals the
dose of each hole has to be adjusted depending on the geometry and position
with respect to the remaining sample. Figure 2.14a) shows a photonic crystal
design before and b) after proximity error correction. The bright red holes
on the outside of the photonic crystal have a relative dose of around 2, whilst
the turquoise holes close to the access waveguide have a dose of around 1.5,
which is a consequence of the proximity error. As expected, the inner holes
are exposed by more backscattered electrons from the adjacent holes than
the outer holes. Therefore, the inner holes need a lower dose to be cleared.
The contribution of the backscattered and forward scattered electrons to the
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a)
b)
Figure 2.14: Design of a photonic crystal waveguide at the input with parts
of the input taper a) before and b) after the proximity error
correction. The relative dose in a) is 1 and varies from 1.5
(turquoise) to 2 (bright red) in b).
exposure dose at a given point ri can be calculated to be:
D(ri) =
m∑
j=1
∫
A
Dj ·
1
π(1 + η)
(
1
α2
e
r2ij
α2 +
η
β2
e
r2ij
β2
)
, (14)
where A is the area of the section j with dose Dj [As/cm
2] and α is the
forward scattering range [m], β is the backward scattering range [m] and η
is the ratio of the integrated proximity effect of forward scattered electrons
and backward scattered electrons. The two exponential terms give rise to the
exponential decay of the contributions of back- and forward scattering from
section j.
The above formula can be used to correct for the proximity errors by
splitting the exposed area up into m sections and calculating all the con-
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tributions. This is used by the commercial NanoPECS package by RAITH
that was employed for proximity error correction. To determine the relevant
parameters, the ”doughnut” technique, developed by Stevens et.al. [60], was
adopted. The doughnut shape consists of a ring with inner radius R1 and
a) b)
Figure 2.15: a) Schematic of the ”doughnut” that is used to determine the
correction parameters. b) Matrix of the ”doughnut”-shapes to
determine the proximity error correction parameters. The cir-
cles represent the cleared doughnuts for As2S3 (blue), AMTIR-1
(black) and Ge11.5As24Se64.5 (green). The clearing dose is de-
fined as the dose, at which the inner circles is cleared after ex-
posure and development.
outer radius R2 as can be seen in figure 2.15a). A matrix of doughnuts is
created by varying the inner radius R1 along the x-axis and the exposure dose
along the y-axis. The outer radius is kept constant and much larger than
the backscattering length, so that the individual doughnuts do not interfere
with each other. The exposed and developed matrix is then inspected. The
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dose at which the inner area opens up and the corresponding inner radius is
recorded and the relevant parameters are determined using
D = D0 · (1 + η) ·
(
e
R2
1
α2 + ηe
R2
1
β2
)−1
(15)
as fitting formula, where R1 [m] is the inner radius. Figure 2.16 shows the
resulting experimentally determined dose curves the fitted curves. Equation
Figure 2.16: Doses at which the inner circle clears with respect to the
circle radius for As2S3 (blue), Ge33As12Se55 (black) and
Ge11.5As24Se64.5 (green). The solid lines are the fit-curves that
were used to determine the proximity error parameters.
14 is used to fit the experimental data, where D0, η, α , β are used as fitting
parameters. The resulting scattering parameters can be seen in table ??.
These parameters are used in NanoPECS to correct for the proximity errors
in the respective materials.
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Material η α β
As2S3 0.175 500 · 10
−9 m 3800 · 10−9m
AMTIR-1 0.35 550 · 10−9m 3700 · 10−9m
Ge11.5As24Se64.5 0.75 520 · 10
−9m 3850 · 10−9m
Table 3: Fitting parameter for the proximity error correction of As2S3 and
Ge11.5As24Se64.5 .
2.2.7 Anisotropic etching of chalcogenide glass thin films
Two techniques were investigated for anisotropic etching of chalcogenide glass
thin films:
a) Reactive Ion Etching (RIE).
b) Chemically Assisted Ion Beam Etching (CAIBE).
The etching mechanisms of these two techniques are inherently distinct. RIE
uses a combined physical and chemical etch by reactive ion bombardment.
The reaction chamber of an RIE consists of a vacuum vessel in which two
plate-electrodes are placed so that the sample can lie on one of them. A radio
frequency signal between the two electrodes is used to drive a plasma of the
reactants. As initial gases, most commonly SF6, CHF3 or other flour contain-
ing gases are used. To activate them, they are ionized in the plasma. The bias
voltage between the two plates is fixed by the plasma power and causes the
radicals to move towards the electrodes, creating a directional etch. Figure
2.17a) shows a sketch of the plasma etching chamber. The CAIBE process
separates the chemical from the physical etching. The physical etching is
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done by a directional argon ion beam. The argon ions do not react with the
sample, but sputter the material away. As a chemical component, chlorine
gas is used. The gas is fed into the chamber and onto the heated sample.
The heat aids the chemical etching process. Figure 2.17b) shows a sketch of
this etching machine.
a) b)
Figure 2.17: a) Sketch of the RIE chamber. The sample is placed on the
yellow table, that is used as one of the RF electrodes to couple
power into the plasma. The ring over the sample is both, the gas
bleed and the other electrode. b) Sketch of the CAIBE etching
chamber. The pink beam represents the Argon beam down on
the sample through the ring that feeds the Cl2 in the chamber.
The small chamber next to the etching chamber is the load-lock
with the exchange rod to the right.
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2.2.8 Reactive Ion Etching of chalcogenide glass photonic crystals
RIE is commonly used to etch silicon, based predominantly on the following
reactions [61]:
SiO2 + 4F → SiF4 +O2 (16)
Si+ 4F → SiF4 (17)
Si+O2 → SiO2. (18)
The addition of CHF3 can be used for sidewall passivation under the right
circumstances. CHF3 can polimerize on the sidewalls and protect the side-
walls from being etched. This leads to the desired directional etching. Figure
2.18 shows an overview of the RIE etching machine including an image of
the plasma. Starting from the standard silicon recipe to etch silicon pho-
tonic crystals, a parameter scan of the accessible etching parameters, time,
power, gas flow, vacuum pressure and gas combinations was done on As2S3
and AMTIR-1.
Using the RIE for etching chalcogenides was problematic. The plasma
emits violet and blue light, as can be seen in figure 2.18b). This can cause
unpredictable refractive index changes, in the case of As2S3 during the etching
even photocrystallization was observed. Figure 2.19 shows a SEMmicrograph
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a) b)
Figure 2.18: a) Overview of the Reactive Ion Etching machine. b) Plasma in
the RIE chamber. The contrast within the chamber is enhanced
to show the plasma.
Figure 2.19: Cross section of an AMTIR-1 photonic crystal etched with the
best RIE recipe that could be achieved.
of the cross section of the best AMTIR-1 photonic crystal prepared in the
RIE. The photonic crystal was etched using gasflows of 10sccmH2, 7sccm SF6
at a pressure of 4.9 ·10−2mbar, with a bias voltage of −192V for 1 minute 20
seconds. The gas mixture, pressure and low power required that the plasma
was ignited at a higher pressure and lowered to the desired pressure during
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the etching.
2.2.9 Chemically Ion Beam Etching of chalcogenide glass photonic
crystals
Figure 2.20 shows the CAIBE system that is used for the photonic crystal
fabrication. A parameter scan was performed by changing the sample tem-
Figure 2.20: Chemically assisted ion beam etching machine. The big vessel
is the reaction chamber, next to it the load lock system and the
control electronics.
perature, the chlorine and argon flow, the ion beam current and voltage and
etching time in order to determine the ideal etching conditions for all three
chalcogenide glasses. Several critical parameters for etching chalcogenides
were identified:
a) The sample temperature: It is necessary to heat the sample up to
a certain temperature to aid the chemical etching process employing
chlorine gas. Initially, the sample was heated to T = 125◦C, but above
68
a temperature of 135◦C a reflow of the electron beam resist was ob-
served, which caused a pattern deformation that can be seen in figure
2.21. The SEM top view reveals that the resist melts and can reflow
towards the middle of the sample. This causes a destructive hole size
change during the etching process. Additionally, a heat induced re-
fractive index change during the etching time was suspected, which
can not be prevented but was limited as far as possible. The problem
was solved by decreasing the temperature by 10◦C and adjusting the
physical etching parameters accordingly. Precise control of the heating
procedure could not be achieved since the temperature was controlled
manually and, therefore, refractive index changes were suspected be-
tween different etching runs.
Figure 2.21: SEM top view of an AMTIR-1 sample that was exposed to tem-
peratures above 135◦C. The melting of the resist causes the
holes to shrink, which results in a unwanted and severe hole
size change towards the middle of the sample.
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b) The ion beam source: The CAIBE is designed for deep etching of hard
materials such as GaAs. Therefore the ion beam source is designed
for high beam currents at high voltages. Since chalcogenide glasses
are a comparably softer material, the ion beam gun had to be driven
at considerably lower beam currents and voltages. The beam current
drifted between IB = 6.5mA and IB = 8.5mA from etch to etch and
sometimes during an etch. The effect of the high beam current can be
seen in figure 2.22. The SEM micrograph reveals a filament formation
at the sidewall of a Ge11.5As24Se64.5 photonic crystal sample etched
with a beam current of IB = 8.5mA. This increased sidewall roughness
destroyed the optical properties and hence the sample.
Figure 2.22: Fibre formation in a Ge11.5As24Se64.5 photonic crystal that was
etched at an Argon-beam current of 8.5mA.
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Despite these problems, vertical sidewalls could be achieved for all three
chalcogenide materials under investigation. Table 4 lists the recipes for As2S3
, Ge33As12Se55 and Ge11.5As24Se64.5 photonic crystals. Figure 2.23 shows cross
sections of the best results for a) As2S3 and b) Ge33As12Se55 . The instability
Material Ar flow sccm Cl2 flow sccm t [s] IB [mA] T [
◦C]
As2S3 10 3.25 2.5 6 125
Ge33As12Se55 5 1.9 9.5 7.5 115
Ge11.5As24Se64.5 5 1.9 5.5 7.5 115
Table 4: CAIBE etching recipes for As2S3 , Ge33As12Se55 and
Ge11.5As24Se64.5 .
of the ion gun and the temperature caused most of the fabricated samples
to be unsuitable for further characterization. Overall, around 1 out of 30
samples were characterized successfully.
a) b)
Figure 2.23: a) As2S3 photonic crystal cross section. The sidewall angle is
less than 1◦ off from vertical. b) AMTIR-1 photonic crystal
cross section with vertical sidewalls.
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2.2.10 Taper design and underetching
Figure 2.24: Collapsed coupling section of the photonic wire with the photonic
crystal.
Figure 2.24 shows the coupling section of an underetched photonic crystal
waveguide. The tapered access waveguide is broken off, which is caused
by a combination of the forces that build up during drying of the water
after underetching with liquid HF and the relative softness of chalcogenide
glasses. The coupling taper is underetched to some extent, which results
in a fragile configuration due to the low stress modulus of the chalcogenide
glasses. During the drying process of liquid HF, forces act on this fragile
beam and cause it to collapse. Different HF solutions were tested, as well as
buffered HF, but in all solutions the same effect could be observed. A number
of changes to the standard access waveguide taper design were implemented
in order to simplify the fabrication:
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a) A shorter tapering section.
b) A wider access waveguide.
c) Vapour phase etching.
The tapering section was shortened from 200µm down to 50µm in order to
keep the membraned taper section as short as possible. The access waveg-
uide was widened from 3µm to 6µm. The new waveguide dimensions were
confirmed to have high coupling efficiencies by calculating the mode conver-
sion efficiency from the fundamental waveguide mode to the photonic crystal
mode. The wider access waveguide allows the use of HF without the need
to protect it from underetching. The HF step is isotropic and hence one can
expect a 2µm sideways etch during the removal of the 2µm thick SiO2 layer
under the photonic crystal. The access waveguide is underetched from both
sides, which leaves a 2µm wide pedestal under the waveguide which supports
it. Figure 2.25a) shows the redesigned access taper and in figure 2.25a) the
successfully under-etched and supported access waveguide can be seen. The
sponge-like structure is the remaining silica.
A solution for the underetching problem is to use vapour HF instead of
liquid HF. This is a commonly used technique in the fabrication of MEMS
devices and was introduced successfully here for the fabrication of chalco-
genide photonic crystals. The development of the etching tool is the subject
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of chapter 4.
a) b)
Figure 2.25: a) Sketch of the redesigned coupler taper. b) Input facet after
underetching with the remaining silica pedestal.
2.3 Conclusions
The photonic crystal fabrication in chalcogenide glasses was discussed. Most
of the standard processes cannot be used due to the material porperties. A
new technique for cleaning the samples by nitrogen bubbling was developed
which prevents mechanical damage to the surfaces. Furthermore, a resist-
removal technique was put in place based on a dimethylformamide bath that
is agitated by nitrogen bubbling and which does not incorporate oxygen
plasma or sonic bath or other damaging chemicals. RIE and CAIBE were
investigated for the directional etching of the chalcogenide thin films. RIE
prove to be unsuitable, in that it was not possible to achieve the necessary
plasma pressures in the used system. The CAIBE results were good, although
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the low beam current and voltages that were used caused instabilities, which
resultated in only about 1 out of 30 samples being characterizable. A new
access waveguide taper was designed that allowed use of vapor HF etching
without masking and for high coupling efficiencies.
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3 Bandpass filter based on coupled ring res-
onators
3.1 Overview
Spectral filters are crucial components for all-optical applications. They are
necessary for wavelength-division multiplexing [62], add-drop functions16 and
optical regenerators. In the following section, the design, fabrication and
characterisation of bandpass filters17 based on ring resonators is presented.
First, an abstract, yet computationally efficient method is explained to design
coupled resonator bandpass filters. The challenges of ring resonator fabri-
cation and difference to the photonic crystal fabrication are then discussed.
The measured spectra of ring resonators are matched with the model to
demonstrate a flat top bandpass filter.
3.2 A ring resonator filter
Ring resonator cavities offer a precise platform for spectral filtering. They
are based on a circular waveguide that forms the cavity and that is coupled
to two straight waveguides, as can be seen in figure 3.1. An electromagnetic
16Please see appendix A.1 for the definition of an add-drop filter.
17Please see appendix A.1 for the definition of a bandpass filter.
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Figure 3.1: Sketch of a single ring resonator. The four ports - In, Through,
Add and Drop - are marked in green and the light propagation
directions are indicated by the red arrows. The semi-transparent
dark red arrows represent the coupling sections between the pho-
tonic wires and the ring. The ring can be modelled using the
scattering matrix approach in section 3.3.
wave that fulfills the resonant condition
neff · Lcav = m · λ, (19)
where m is the mode number and Lcav [m] is the cavity circumference, can
couple in and out of the cavity through the coupling regions. Other wave-
lengths can not propagate in the ring resonator and are transmitted to the
through port. As a consequence of this, the transmission spectrum of the
through port shows periodic dips at resonant wavelengths. The spectral
distance between these dips can be calculated from the free spectral range
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(FSR)
FSR =
λ2
neff2πR
. (20)
Another important property of a ring resonator is the quality factor Q, which
is proportional to the quotient of energy stored inside the cavity U [W ] and
the energy lost per cycle Ulost/cycle [W]:
Q = 2π
U
Ulost/cycle
=
λ0
∆λ
, (21)
where λ0 is the center wavelength of the resonance with the full-width-half-
maximum (FWHM) bandwidth∆λ. The measured quality factor differs from
the intrinsic quality factor Qint due to coupling losses. One can incorporate
this decrease using
1
Qmeas
=
1
Qint
+
1
Qc
, (22)
where Qc is the coupling quality factor. The coupling of the ring to the pho-
tonic wire is determined by the overlap of the evanescent fields of the modes
within the cavity and the photonic wire. By increasing the distance, the mea-
sured quality factor increases, but at the same time the field that is coupled
between the two waveguides,Ecoupled [V/m], drops since it is proportional to
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the sine of the overlap integral κ′ and coupling length Lcoupl:
Ecoupled ∝ sin(κ
′Lcoupl), (23)
where κ′ ∝
∫
E(1)E(2)dV , with the electric fields E(i) of the respective waveg-
uide modes and V , the volume of interest.
3.3 Filter design
A ring resonator can be modelled using matrix analysis methods [63]. The
coupling region can be described by the scattering matrix

an+1
bn+1

 = P

a
′
b′

 , P = 1κ

−t 1
−1 t∗

 , (24)
where κ is the coupling coefficient and t is the transmission coefficient and t∗ is
complex conjugate, a′ is the transmitted component of the electric field, b′ its
reflected component, an+1 is the transmitted electric field of the output and
bn+1 is its reflected component. Energy conservation requires the coupling
and transmission coefficients to follow |t|2 + |κ|2 = 1 for lossless coupling.
During a round trip, the signal accumulates a phase shift which translates
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to the propagation matrix M
M =

 0 e
−2ipi f
c0
Lr
e
2ipi f
c0
Lr 0

 , (25)
where f Hz is the frequency of interest and c0 the speed of light and Lr is
the propagation length inside the ring resonator, which is LR ≈ πR, where
R is the ring radius. The second coupling region is modelled with the same
scattering matrix, where coupling asymmetries can be accommodated by
using different values for the coupling and transmission coefficient. This
leaves a total matrix of

A B
C D

 = P2 ·M · P1, (26)
where Pi are the above defined scattering matrices and M is the propagation
matrix, A, B, C and D are the matrix elements.

a1
b1

 =

A B
C D



a0
b0

 . (27)
Equation (26) describes the total propagation matrix for a single ring res-
onator with a drop port (see figure 3.1). The transmission for the drop-port
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Td is then defined as
Td =
1
A
, (28)
whereas the transmission through the through-port Tt is defined as
Tt =
C
A
, (29)
For multiple, directly coupled ring resonators equation 26 changes to

A B
C D

 = PN
N∏
i=1
Mi · Pi, (30)
where N denotes the number of ring resonators. Both, the propagation
matrix Mand the coupling matrix P are subscripted indicating that both
the ring diameter (and with it neff and the propagation length Lr) and
the coupling (meaning the physical distance between two succeeding ring
resonators) can change. The matrices in equations 26 and 30 can be assessed
for different frequencies to yield the transmission spectrum shown in figure
3.2
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Figure 3.2: Example of a ring resonator spectrum. The red curve is the trans-
mission of the through port, the black curve is the drop-port trans-
mission.
3.4 Determination of the coupling coefficients
To match the above model with experimental data, one can extract the Q-
factors of ring resonators as a function the coupling distance. The model can
then be matched by fitting the experimental resonances to the theoretical
curve. Figure 3.3 shows the drop port transmission of a ring resonator res-
onance for three different coupling coefficients. The peak broadens for high
coupling and the transmission of resonance peak decreases. A high Q can be
achieved at low coupling, which results in a low transmission of the center
frequency.
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Figure 3.3: Drop port transmission for three different coupling coefficients.
The peak broadens for higher coupling.
3.5 Cascaded rings
Coupling together two identical ring resonators results in a spectrum with two
overlapping peaks. This energy splitting is caused by the presence of single
resonator modes in addition to a mode that extends over the two resonators.
The shape of this mode can be adjusted by changing the coupling between
both resonators, similarly to the demonstrated change of the resonance peak
in figure 3.3. Since the output spectrum is a superposition of both modes,
one can change the spectrum by changing the coupling coefficients between
the ring resonators. This is done by changing the relative distance between
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Figure 3.4: Transmission spectra for two coupled ring resonators for three
different coupling regimes. The coupling constants |κ1,3|
2 denote
the coupling of the resonators to the photonic wires and |κ2|
2 the
coupling between the two resonators.
the resonators. Figure 3.4 shows the transmission spectrum of two coupled
ring resonators for three different coupling regimes. The coupling constants
between the photonic wires and the ring resonators was kept constant at
|κ1,3|
2 = 0.3. The spectrum broadens and the two peaks become more and
more apparent for an increased coupling |κ2|
2 between the two rings, which is
due to the increased splitting into the supermode and the single ring mode.
This principle can be used to tune the filter function of a coupled resonator
bandpass filter. For a flat-top response one has to calculate the coupling
coefficients according to the desired bandwidth and number of resonators. To
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Figure 3.5: Flat top responses of 3rd order bandpass filters based on ring
resonators calculated using [64]. The calculations were performed
using return losses of ar = 1dB (broken line) and ar = 10dB
(solid).
calculate the coupling coefficients the apodization scheme by Melloni et.al.
[64] was adopted. Figure 3.5 shows two transmission spectra of flat top 3rd
order bandpass filters whose coupling coefficients were calculated using this
scheme. Return losses18 of ar = 1dB and ar = 10dB were used in figure 3.5.
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a) b)
Figure 3.6: a) Proximity error corrected waveguide bend with single pixel
lines superimposed. b) Steps due to proximity error correction
in a bent silicon waveguide.
3.6 Fabrication of silicon ring resonators
The process flow for the fabrication of ring resonators is similar to that of
photonic crystal fabrication. The main difference is the lithographic defini-
tion of the bent photonic wire that forms the ring. During the proximity error
correction the exposed area is subdivided into a cartesion grid of 500×500nm
cells in order to calculate the dose contribution of these cells. The problem
here is that the cell boundaries do not follow the bending of the waveguide,
as can be seen in figure 3.6a). The dose is corrected by scanning the grid
horizontally. This causes two neighboring cells that define the waveguide to
have different dose factors, as can be seen in figure 3.6a). The different doses
translate into a jagged resist profile that is etched into the material, as can
18Return losses are reflection losses that are caused by discontinuities of the waveguides
and the rings. The through-port transmission is used to model the return losses.
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be seen in figure 3.6b). A design was developed that can use the standard
Figure 3.7: Waveguide bend between two photonic crystal waveguides fabri-
cated in silicon. The nanowire dimensions were 220nmx500nm
with a bending radius of 4.8µm. The sample was fabricated in
silicon.
proximity error correction without producing the steps in the rings. By su-
perimposing the borders with a single pixel line that follows the border of
the structure, the border is double exposed and smoothed out. The single
pixel line is offset from the border towards center of the photonic wire by
15nm. In silicon, it is written with a line dose, DL of 200µC/cm Figure 3.7
shows a smooth nanowire bent to connect two photonic crystals which was
achieved with this method. The method can be applied to waveguide bends,
ring resonators or waveguide tapers used for inverse tapered couplers.
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3.7 Characterization of silicon ring resonator bandpass
filters
Silicon ring resonators are characterized and a good agreement between the
theoretical model and the experimental results is achieved. This was used
to determine the coupling coefficients with respect to the designed distance
between the ring and the coupled nanowire, which can be used to design
flat-top response spectral filters. Figure 3.8 shows a typical spectrum for
Figure 3.8: Spectral response of a ring resonator at a distance of 100nm from
the coupling nanowire. The measured transmission dips greatly
resemble Lorentzian fits (inset).
a ring resonator with a Lorentzian fit19 to the dip at around 1578nm. The
designed distance was d = 100nm and the ring was written with an area-dose
19Please see appendix ?? for the definition of the Cauchy-Lorentz distribution.
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DA of 55µC/cm
2. The peaks were fitted to Lorentzian distributions in order
to determine Q. The measured Q-values were then mapped to the designed
distance. The Q factors strongly depend on the used area dose, DA. Figure
3.9 shows the determined Q factors forDA of 49.5µC/cm
2 with respect to the
designed distance. DA affects the Q factors in two ways. First, an increased
dose also increases the gap between the ring and the waveguide. Secondly,
the higher dose decreases sidewall roughness because of the steeper transition
from exposed to unexposed resist areas. The distance was varied from 20nm
Figure 3.9: Determined Q-factors at design distances from 20nm to 100nm
written at an area dose of 49.5µC/cm2.
to 200nm in steps of 20nm. Figure 3.10 shows the measured Q for a dose
DA of 55µC/cm
2. Compared to the results achieved for DA = 49.5µC/cm
2
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Figure 3.10: Determined Q-factors for ring resonators written at an area
dose of 55µC/cm2 at varying distances from 20nm to 180nm.
(as can be seen in figure 3.9), the Q peak at 100nm, whilst at the lower area
dose the Q is highest for the maximum measured distance of 100nm and no
peak can be observed. The peak, that is visible for DA = 55µC/cm
2,is an
indication for the inflexion point from the overcoupled to the undercoupled
regime, which cannot be reached for the lower dose. Figure 3.11 shows the
quality factors achieved for the highest dose of 60.5µC/cm2 (right). Here
a Q of up to around 8000 could be achieved. The good agreement with
the theoretically predicted curves can be seen in figure 3.12, where two dips
matched with the theoretical model. Both, the free spectral range and the
amplitudes of the theoretical curves agree very well with the measured curves.
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Figure 3.11: Q factors for ring resonators written at DA of 60.5µC/cm
2 plot-
ted for distances from 20nm to 180nm.
Both curves differ only over the wider spectral range since no dispersion was
included in the model. The amplitude fall off of the measured transmission
spectra (e.g. figure 3.8) does not resemble the model, though, the FSR and
the relative amplitudes match very well. The different Q for each of the
coupling distances can be used to determine κ for the model described in
chapter 3.2. This information can then be used for further fabrication of
flat-top coupled resonator filters. To do so, the losses were modeled using
the drop-port as the loss channel and the Q vs. κ curves were matched
with the Q vs. designed distance curves20. Figure 3.13 shows the resulting
20The two distances used here, the design distance and the measured distance, can be
very different. The design distance is used for defining the ring resonator pattern for
electron-beam lithography. The measured distance is achieved distance after the fabrica-
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Figure 3.12: Modeled transmission of the ring resonator (black) and mea-
sured transmission (red).
functions of |κ|2, with respect to the designed distance for. DA = 55µC/cm
2.
The resulting |κ|2 as a function of the designed distance for the dose of DA =
60.5µC/cm2 can be seen in figure 3.14. Both figures show a linear decrease
of |κ|2 towards longer distances. Ultimately, for designing filters, these κ
are the key. By adjusting the coupling with the distance one can adjust
the shape of the resonance. For DA = 55µC/cm
2 |κ|2 changes drastically
below a distance of 60nm and, therefore, the fine adjustment of a desired
coupling in that range becomes very difficult. The same holds for distances
below 40nm for DA of 60.5µC/cm
2. Here the change of |κ|2 with a change
of distance is even more drastic. In both cases, the |κ|2 value below 0.21
tion.
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Figure 3.13: Variation of |κ|2 for the theoretical models with respect to the
designed distances for a doses of DA = 55µC/cm
2.
Figure 3.14: Variation of |κ|2 for the theoretical models with respect to the
designed distances for a doses of DA = 60.5µC/cm
2.
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changes almost linearly with the distance and moreover, the relative change
with distance is smaller, making the adjustment easier. Also, the coupling
range for increases with the higher dose from around ∆|κ|2 ≈ 0.12 for the
lower dose to ∆|κ|2 ≈ 0.5 for the higher dose.
3.8 Bandpass filter
Figure 3.15: Transmission measurement of the bandpass filter (green). The
theoretical curve was overlayed in black for comparisson.
A bandpass filter based on three coupled ring resonators was fabricated
and characterized. The transmission measurement revealed a good agreement
with the theoretical curve, as can be seen in figure 3.15. The theoretical
model (black curve) fits very well with the measured transmission. The
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black curve was modelled using a bandwidth of 1.9nm, 6.95nm FSR and
centrewavelength of 1551.3nm. The resulting |κ|2 were 0.7072 between the
photonic wires and the two outer ring resonators. The two inner coupling
sections had a coupling coefficient of |κ|2 = 0.1626. The design distance of
20nm between each of the rings and the photonic wires made such low κ
possible.
3.9 Ring resonators in chalcogenide glasses
Figure 3.16: SEM micrograph of possible add-drop filter based on chalco-
genide ring resonators. The inset shows the remaining sidewall
roughness.
Figure 3.16 shows an SEM picture of an AMTIR-1 ring resonator add-
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drop filter. The transmission did not show any spectral features, which can
be attributed to the high roughness as can be seen in the inset.
3.10 Conclusions
A computationally efficient model for a ring resonator filter design was pre-
sented. By fitting the measured Q to the theoretical ones, κ could be de-
termined. These were then used to fabricate a bandpass filter based on 3
ring resonators. The filter curve showed a very good agreement with the
theory. Repeatability was difficult due to the low |κ|2. The main problem is
that the coupling length of the ring and the photonic wire is so short that
changes in the coupling distance below the practical resolution are necessary
to achieve a precise κ setting. Here the use of racetrack resonators21 might
help, since the coupling length is much longer and hence the coupling dis-
tances between the resonators can be kept much larger so as to achieve the
same coupling coefficients. However racetrack resonators were not used in
my work, since the aim was to implement ring resonators in chalcogenide
glasses. Ring resonators in chalcogenides seem not to be feasible because
the sidewall roughness is too high. Racetrack resonators, on the other hand,
might be feasible since the sidewall roughness might be of less harm at longer
coupling lengths. This might be subject of future research.
21Please see appendix A.1 for the definition of a racetrack resonator.
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4 Vapour phase etching
Hydrofluoric acid (HF) is widely used to etch oxides. In particular it can be
used to remove the sacrificial SiO2 layers underneath microphotonic mem-
branes, employed in Micro-Electro-Mechanical Systems (MEMS), photonic
crystals or sub-wavelength gratings. HF reacts with SiO2 according to the
formulae
SiO2 + 6HF → H2SiF6 + 2 H2O
SiO2 + 4HF → SiF4 (g) +2H2O.
Silicon photonic crystals are commonly wet underetched because of their
mechanical stability and the relative short etching time of about 20 minutes
for a 2µm oxide layer with a solution of 5 parts water and 1 part 48% HF
solution. For brittle and soft materials or delicate structures, such as large
area sub-wavelength grating or chalcogenide photonic crystals, wet etching
cannot be used. Figure 4.1 shows a collapsed silicon sub-wavelength grating.
The sub-wavelength grating was underetched with a 5:1 H2O:HF solution.
The grating collapsed due to capilary forces acting on it during the drying
process. During drying, the solution crosses the boundary between liquid and
gas causing surface tension to act on the delicate parts of the micromechanical
structures. The same happens to other delicate samples such as chalcogenide
photonic crystal membranes or MEMS. Therefore, a vapour phase etching
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Figure 4.1: Collapsed sub-wavelength grating. Both the membrane and the
trenches collapsed.
tool was developed for underetching delicate micro- and nanophotonic and
mechanical devices. The development will be the subject of this chapter.
The aim was to develop an etching tool, which
a) provides a safe environment for vapour phase etching,
b) can accomodate samples of various sizes,
c) is not restricted to a single process.
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4.1 Vapour phase etching of silicon dioxide
To overcome the forces acting during the drying process, there are two main
possibilities. The first is supercritical point drying, where the HF solution is
replaced by liquid carbon dioxide under high pressure. When the pressure is
increased, carbon dioxide sublimates and no forces act on the sample. One
disadvantage is the complexity of that process, which makes it expensive.
The other method is to use HF vapour instead of HF solution. This process
has proven to be effective for underetching silicon and chalcogenide samples.
4.2 Operating principle of the machine
Figure 4.2: Working principle of the etching machine. A beaker is partially
filled with liquid HF. The vapours etch the sample that is glued
underneath the lid. In order to prevent condensation, a heater is
included in the lid which is powered by an external power supply.
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Figure 4.2 shows the working principle adopted with vapour HF: A bottle
is partially filled with HF solution. The HF vapours that fill the space be-
tween the liquid HF and the lid can etch the sample that is mounted under
the lid. To prevent condensation, a heater is used to warm the sample. The
etching process slows down with increased heat, which gives a means of con-
trol over the etching rate. Figure 4.3 shows an improvised vapour HF setup
Figure 4.3: Implementation of the vapour HF principle. The right bottle is
used for etching. Its lid is modified with a heater, which is pow-
ered using the power supply in the background.
that was used initially to assess the potential and the necessary set-up for
vapour HF etching. It consists of a HDPE22 bottle as reaction chamber, a
22High Density Poly Ethylene.
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modified lid with an integrated thermometer and heater. The heater and the
thermometer were encapsulated using epoxy resin to avoid any damage to
the glass-fiber insulation of the heater and/or successive metal etch of both
the heater and the thermocoupler. The sample was then glued underneath
the lid. 10ml HF was poured into the bottle and the evaporating vapours
act on the sample. With a 2W heater, a temperature range between 50◦C
and 75◦C could be reached.
4.2.1 Silicon degradation
Figure 4.4: SEM-pictures of underetched photonic crystals with nanowires.
The silicon is attacked by fumes that are released from heated
sticky tape used to attach the samples to the lid for the HF bottle.
I found that some samples were badly damaged after being underetched
using vapour HF. Figure 4.4 shows an example of an attacked sample. Even
though the photonic crystal samples were membraned, the silicon thin film
exhibited a porosity after the etching. Since the HF vapours do not attack
silicon, plastic components of the set-up were identified as the source of
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volatile solvents that might attack silicon. To solve this problem, the epoxy
resin cover of the heater and the sticky tape that was used to glue the sample
under the lid were replaced. The epoxy was exchanged for a PTFE23 disc and
the sticky tape was replaced by heat sink paste. This setup worked well, but
a major drawback was the unrepeatable etch time. The etch time could vary
from 1.5h to 6h which is a crucial factor since when the sample overetches,
the membranes can collapse.
4.3 A stable and versatile vapour phase etching tool
4.3.1 Aims of the tool
A new tool was designed with the aim of achieving a more stable etching
procedure.
4.3.2 Working principle
Figure 4.5 shows a schematic of the etching machine. Pressure and flow
regulated nitrogen gas was bubbled through a bottle filled with liquid HF.
The nitrogen was enriched by HF vapors and fed into the reaction chamber,
where the sample was placed on a table that is temperature controlled. The
constant nitrogen flow allowed a more precise control over the etching time.
Since the vapor HF approach can be applied to other acids and solvents,
23Polytetrafluorethylene
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two more bottles were installed in parallel to the HF bottle. Therefore, up
to three different vapor processes could be applied using this machine. In
order to being able to take the sample out of the chamber safely after an
etch, a nitrogen bypass is installed through which clean nitrogen was fed into
the reaction chamber prior to opening it. The valves and temperature were
controlled using a microcontroller unit (MCU).
Figure 4.5: Sketch of the working principle of the vapor etching machine.
The nitrogen flow from the right is regulated and then split up
to feed three washbottles and one bypass. PTFE valves on the
bypass, the inlet and outlet of the washbottles isolate the lines.
The lines are then recombined and fed into the etching chamber
with the heat controlled table. The MCU controlles the valves,
the interlock and temperature of the sample.
4.3.3 Chamber design
Figure 4.6 shows the designed reaction chamber. The chamber was designed
to accommodate samples up to 3-inch diameter. The samples were placed
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Figure 4.6: Side- and bottom-view of the reaction chamber with its dimen-
sions. A concentric arrangement of holes around the sample-
table is used to distribute the vapours. A recess for the heater
and thermocoupler is cut into the back of the table which can be
sealed of with the bottom parts. The chamber is ventilated through
the exhaust-hole near the top of the chamber. The dimensions are
given in mm.
on a heated table. The holes to feed the gas into the chamber were arranged
concentrically around the table. In this way, the vapours could spread out
symmetrically around the sample leading to an even etch distribution along
the sample. Figures 4.7 and 4.8 show the lid and joint design. The joint is
made out of three parts and is designed so that the lid opens to a vertical
position. The bolt is made out of metal, the other parts are HDPE. Figure
4.9 shows a top view of the two bottom parts, the heater seal (left) and the
bottom plate with the vapour distribution channels (right). The heater seal is
necessary to protect both, the heater and the thermocoupler from aggressive
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Figure 4.7: Side view of the lid (bottom) and the parts for the joint (top).
The bolt is made out of metal, the other parts are HDPE. The
dimensions are given in mm.
Figure 4.8: Top view of the lid (right) and the parts for the joint (left). The
dimensions are given in mm.
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vapors. The vapour distribution channels are concentrically arranged so that
an even pressure and flow distribution is guaranteed. Figure 4.10 shows the
Figure 4.9: Top view of the bottom parts of the chamber. The plug (left)
is used to seal the heater and thermocoupler of from the acid
vapours. The base plate incorporates the concentric vapour feeds
for an even vapour distribution. All dimensions are in mm.
side views of the plug that is used to seal the heater and thermocoupler from
the vapours and the bottom plate.
4.3.4 Chamber performance
Prior to the full assembly, the chamber was tested for performance. Crucial
parameters were the temperature distribution and maximum achievable tem-
perature. To assess the temperature distribution, a heater was placed under
the table and the temperature radial temperature distribution was measured.
The temperature was found to vary by more than 10◦C accross the table,
106
Figure 4.10: Side view of the bottom parts of the chamber. The plug (top)
and bottom plate (bottom) dimensions are given in mm.
which was insufficient. As a solution to this, a copper plate was introduced to
even out the temperature distribution. Figure 4.11 shows the radially mea-
sured heat distribution before and after the introduction of the copper plate.
The asymmetry of the measured temperature before the insertion of the cop-
per plate is due to the heater not being fixed to the table, which caused an
offset of the heater with respect to the center of the table. An overall tem-
perature increase, due to increased heat conduction, was observed after the
copper plate was installed. The more symmetric measurement of the heat
distribution originates from the heater and copper plate being fixed to the
table. Etch tests were performed before the chamber was integrated into the
rest of the machine. The machine performance showed a great improvement
over the previous one, as a standard 2µm deep etch of silica took less than
10 minutes. No silicon degradation could be observed during the etch tests.
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Figure 4.11: Temperature distribution measured radially along the table be-
fore and after the use of a copper plate for heat distribution.
A record free standing cantilever length of 160µm could be achieved using
the previous cantilever design, as can be seen in figure 4.12.
4.3.5 Electronics
The microcontroller unit is based on the commercially available Arduino
Mega24, an open-source electronics prototyping platform. It is connected to
a printed circuit board (PCB). The PCB contains transistors for switching
the valves and heater and an operation amplifier for reading out the ther-
mocoupler. Figure 4.13 shows an overview of the circuit schematic, where
24http://arduino.cc/en/Main/ArduinoBoardMega
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Figure 4.12: Suspended cantilever. Up to 160µm long cantilevers were sus-
pended with vapor HF.
Figure 4.13: Schematic of the printed circuit board of the vapour etching ma-
chine.
8 darlington transistors25 are used for switching the solenoid valves and the
heater. The heater is powered in pulsed mode. The output voltage of the
25Please see appendix A.1 for the definition of a darlington transistor.
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Figure 4.14: Layout of the printed circuit board.
thermocoupler is amplified using an INA128 low-power instrumentation am-
plifier. For future extensions, a bus-connection was included in the desgin.
Since the valves require a 24V voltage supply, the output voltage of the sup-
ply unit was reduced to 5V to power the Arduino and the power amplifier.
The layout of the printed circuit board is shown in figure 4.14
4.3.6 Programming Interface
The Arduino Mega hosts a FTDI26 FT232RL USB-to-Serial converter. The
FTDI driver emulates a serial port through which the microcontroller can be
programmed and controlled. The microcontroller is programmed using the
Arduino software.
26Future Technology Devices International Ltd.
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a) b)
Figure 4.15: a) Free standing sub-wavelength grating for transmission mea-
surements. The 150µm long and 50µm wide structure can be
accessed optically from both sides. b) Free standing coupling
tips for higher coupling efficiencies from the air mode to the
fundamental waveguide mode. The waveguide is supported by a
silicon pedestal as shown in chapter 2.
4.4 Capability of the etching tool
Figure 4.15 shows a free standing sub-wavelength grating underetched with
vapor HF and a free standing free space coupler tip etched in silicon-on-
insulator. Both would collapse without using vapor HF and in order to
facilitate free access, a new cleaving technique had to be developed. The
longest successfully fabricated cantilever was 160µm long. Using liquid HF,
a comparable cantilever collapsed for a length of 20µm.
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Figure 4.16: The final etching device.
4.5 Conclusions
A stand-alone etching tool for vapor phase etching was developed. The tool
made the fabrication of chalcogenide photonic crystals possible. The tool can
be used for samples of different sizes as well as for the vapor phase treatment
with up to three different chemicals, irrespective of weather they are acidic
or not. Figure 4.16 shows a picture of the final machine. The three vessels
to accommodate the chemicals can be seen behind the etching chamber.
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5 Photonic crystal waveguide characterization
I discuss the results obtained with chalcogenide photonic crystal waveguides
in this chapter. First, because of the suspected change in refractive index
during the fabrication, samples were fabricated to determine the n of the
thin film after fabrication. This was done by scanning the lattice-constant
and comparing the results to the modelled bandstructures. Cutback mea-
surements27 were performed to determine the losses in W1 photonic crystal
waveguides. Slow-light measurements are performed to measure the group-
index spectra of dispersion-engineered photonic crystal waveguides, where
the theory of dispersion engineering was described in chapter 2.
5.1 Transmission measurements and refractive index de-
termination of AMTIR-1 photonic crystal waveg-
uides
AMTIR-1 is deposited using thermal deposition, which is less controlable
than epitaxial growth. As a result the n varies. A set of specific samples
of photonic crytal waveguides with different lattice constants were designed,
therefore, to determine the n. W1 photonic crystal waveguides were fab-
27Please see appendix A.1 for the definition of cutback-measurements.
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ricated with a constant radius-to-lattice-constant ratio of r/a = 0.328 and
a varying between 500nm and 600nm in steps of 5nm. This ensured that
the bandedge would be in the measureable λ region of 1530 to 1610nm29.
To launch light into the photonic crystal, the fiber output was collimated
Figure 5.1: Measured spectra for AMTIR-1 W1 photonic crystal waveguides
with lattice constants varying from a = 540nm to a = 560nm.
The r/a was kept constant at 0.3.
and focused onto the access waveguide facet. The output was collected and
analyzed using an optical spectrum analyzer. Figure 5.1 shows the corre-
sponding measured spectra for W1 wavegudies with a ranging from 540 to
560nm. The bandedge is clearly visible, with an extinction of around 30dB
28This yields, for example, a hole radius of 150nm at a = 500nm.
29The λ range of the usead light source extended 10nm more in both directions, but the
signal-to-noise ratio made this λ range useless.
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between the guided mode and the stop-band. To determine the n of the sam-
ple, the curves were matched with calculated bandstructures. The thickness
and the n were considered as fitting parameters. The best agreement was
reached for a thickness of 300nm and an n of 2.6. This n value lies in the
middle of the as-deposited value of 2.7 and the bulk value of 2.54 [65]. A clear
indication of the fabrication quality is the sharpness of the cut-off in figure
5.1. The better the quality, the steeper the fall off, because less scattering
sources affect the transmission in the slow light regime close to the cut-off.
In this case, the signal falls off over 3nm, which is comparable to the results
that are achieved in silicon [66], and much better than reported for other
chalcogenide waveguides [47], with losses of 140dB/cm.
5.2 Loss measurements
Loss measurements were performed on W1 photonic crystal waveguides with
varying lengths. The a1 was chosen to be 525nm with a stretched coupling
section having an a2 of 555nm. Lengths were varied between 98µm and
1098µm in steps of 100µm. Transmission spectra were used to calculate the
linear losses. Over a range of 4nm, losses as low as 21 ± 8dB/cm could be
achieved, as shown in figure 5.2. Compared to photonic crystal waveguides
fabricated in silicon using the same electron beam lithography system, these
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Figure 5.2: Loss measurement of AMTIR-1 W1 photonic crystal waveguides.
loss values are slightly higher, but they are the lowest losses reported for
chalcogenide photonic crystal waveguides.
5.3 Dispersion measurements
To determine the group index in dispersion engineered photonic crystal waveg-
uides, the interferometric slow light measurement method first developed by
A. Gomez-Iglesias et.al. [67] was used. The waveguide was placed in one
arm of a Mach-Zender interferometer. The optical path length of the arm,
including the sample, increases as a function of ng. This causes the phase
between both arms to change and induces inteference fringes that can be
observed when acquiring an optical spectrum. The spacing of the fringes
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Figure 5.3: Measured (blue) and calculated (green) group-index curves for
different lattice shifts of s1/a = −0.1 and s2/a = 0.01 (left) and
s1/a = −0.1 and s2/a = 0.02 (right).
Figure 5.4: Measured (blue) and calculated (green) group-index curves for
different lattice shifts of s1/a = −0.1 and s2/a = 0.03 (left) and
s1/a = −0.1 and s2/a = 0.05 (right).
depends on the group-index and by taking the fourier transform of the spec-
trum, one can isolate the fringes and successively infer to the ng. Figure
5.3 compares the measured group indices with the theoretically predicted ng
curves for the row-shifts s1/a = −0.1, s2/a = 0.01 (left) and s1/a = −0.1,
s2/a = 0.02 (right). A good agreement between the measurements and the
predicted curves is achieved. Figures 5.4 and 5.5 show the measured and cal-
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culated group-indices for the lattice shifts of s1/a = −0.1, s2/a = 0.03 and
s1/a = −0.1, s2/a = 0.05 and s1/a = −0.1, s2/a = 0.06 and s1/a = −0.11,
s2/a = 0.01. Hence, the predicted maximum achievable ng of approx40 could
Figure 5.5: Measured (blue) and calculated (green) group-index curves for
different lattice shifts of s1/a = −0.1 and s2/a = 0.06 (left) and
s1/a = −0.11 and s2/a = 0.01 (right).
be achieved in AMTIR-1 photonic crystal waveguides. This is the first time
that such a high group-index was realised in a relatively low refractive index
system and with a sizeable bandwidth of ≈ 10nm.
5.4 Conclusions
Dispersion engineered W1 photonic crystal waveguides were demonstrated
in AMTIR-1. A high ng of approx40 could be realized with a bandwidth of
≈ 10nm. Their design was based on the experimentally determined refractive
index. Furthermore record losses of 21dB/cm could be demonstrated.
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6 Red and green light emission from chalco-
genide photonic crystal structures
In this section, the theory and experimental results of the nonlinear exper-
iments for chalcogenide photonic crystal waveguides and cavities are dis-
cussed. First, the reader is reminded of the theory of second and third har-
monic generation. Then the experiments in slow light waveguides and cavities
are described. The measurements were performed by Christelle Monat at the
University of Sydney in the case of slow light waveguides and Matteo Galli
at the University of Pavia for the cavities.
6.1 Second and third harmonic generation in slow light
photonic crystal waveguides and cavities
For the case of third harmonic generation (THG), the polarization is caused
by the third-order susceptibility χ(3):
P˜ (3) = χ(3)(3ω)|E1|
2E1e
−i3ωt + c.c, (31)
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Figure 6.1: Energy levels involved in second and third harmonic generation.
Two, respectively three photons of angular frequency ω are con-
verted to a photon of double, respectively three times the angular
frequency.
where c.c. denotes the complex conjugate. The intensity can be calculated
to be:
I(3ω) = (3ω)
2
(
2π
nc
)4
I3ωL
2
(
χ(3)
)2
sinc2
[
∆k(ω)L
2
]
f (Aω, A3ω) , (32)
where f (Aω, A3ω) is the mode overlap of the pump and the harmonic signal,
Iω is the pump intensity, L is the propagation length and ∆k is the wave-
vector mismatch of the input and THG signals. A cubic dependency of the
THG intensity on Iω can be seen from equation 32. Since Iω depends linearly
on the slow-down factor the third harmonic signals are greatly amplified.
For example, for a slow down factor of S = ng
n0
≈ 11.5, where n0 is the
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bulk refractive index, which relates to a ng of 30 in AMTIR-1, the intensity
increase for the second and third harmonic generated signals are η = S2 ≈
132 and η = S3 ≈ 1520, respectively.
In cavities, the intensity enhancement is directly proportional to the quality
factor [68]
Icav
I0
=
Q
mπ
, (33)
where m is the mode order, which, in most cavity applications, is equal to
1. Therefore, a high Q-factor strongly enhances the frequency conversion.
Figure 6.1 illustrates the energy levels involved in the third harmonic gener-
ation.
6.2 Third Harmonic Generation in AMTIR-1 Slow Light
Photonic Crystal Waveguides
a)
b)
Figure 6.2: Microscope pictures of the third harmonic signal along the pho-
tonic crystal waveguide in a) chalcogenide glass and b) silicon,
taken from [69].
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The same slow light samples that are discussed in chapter 5, were used
to investigate THG. They were pumped using 1.2ps long pulses at around
1550nm with a repetition rate of 4MHz. Contrary to silicon [69], the green
light pattern distribution is almost even across the photonic crystal length,
as can be seen in figure 6.2. Figure 6.3 shows the measured infrared output
Figure 6.3: Average coupled infrared output power with respect to the aver-
age input power. The nonlinear behaviour is an indication for
remaining nonlinear losses.
average power with respect to the coupled input average power. Though a
small deviation from a linear behavior is visible, the deviation is consider-
ably smaller than for silicon, where a strong kink in the transmitted power
is visible above around 40µW average input power. The deviation in chalco-
genide glasses is a result of both the power transfer into the green light and
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the residual two-photon absorption as an intensity-dependent loss mecha-
nism. Figure 6.4 shows the measured THG average power. The cubic fit
(red) agrees very well with the measured data. Figure 6.5 shows the trans-
Figure 6.4: Average third harmonic generated power with respect to the cou-
pled input peak power.
mitted infrared power and the generated green light power with respect to
the coupled input power in a silicon slow light photonic crystal waveguide
for comparison. The infrared output power in chalcogenides is lower than in
silicon. For a coupled input power of around 90µW , approximately 0.9µW
is coupled out, as compared to around 1.1µW in silicon. A fundamental dif-
ference is the loss behaviour. A strong kink in the transmitted power can be
seen for silicon, which is caused by the high nonlinear losses through TPA
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and FCA in silicon. The deviation from a linear behaviour is much less in the
case of AMTIR-1. Figure 6.6 shows the green light output power with respect
Figure 6.5: Average infrared output power and green light power with respect
to the average input power for the case of a silicon slow light
waveguide, taken from [69].
to the input peak power. The curve at 1559nm relates to an ng of around 40.
The third harmonic generation efficiency P3ω/Pω is around 1.4 · 10
−8 for 1W
coupled peak power, which is around 30 times larger than for the silicon case
[69]. The THG conversion efficiency P3ω/Pω in chalcogenide glasses is found
to be 1.4 · 10−8 for 1W coupled peak power, which is ≈ 30× larger than in
silicon.
124
Figure 6.6: Green light output power vs. infrared input peak power in silicon
for different wavelengths. The curve at 1559nm relates to an ng
of around 40, taken from [69].
6.3 Second and Third Harmonic Generation in chalco-
genide cavities
L5 cavities were fabricated in Ge11.5As24Se64.5 , where 5 holes of the triagonal
lattice were removed along the Γ-K axis. Analogous to [70], the cavities were
far-field optimized experimentally by shifting the holes adjacent to the cavity
as can be seen in figure 6.8a). Figure 6.7 shows an SEM micrograph of a top
view of an L5 cavity, where the cavity is created be removing 5 holes in Γ-K
direction of the bulk photonic crystal, fabricated in Ge11.5As24Se64.5 . The
light grey area around the photonic crystal is the area that is underetched
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Figure 6.7: SEM micrograph of an L5 cavity fabricated in Ge11.5As24Se64.5.
The light ring around the cavity is the underetched area after
vapour HF etching.
a)
b)
Figure 6.8: a) Sketch of the holes that were used to optimize the Q factor of
the L5 cavities. b) Axis definition and polarization direction of
the polarizer (P) and analyzer (A) with respect to the cavity axis
that are used for the resonance scattering method. Both taken
from [70].
by vapour HF. The cavities were measured using the resonance scattering
method [71], which is illustrated in figure 6.8b). Here, the CW laser is
polarized 45◦ towards the cavity axis. The overlap with the cavity mode is
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non-zero in this case. The scattered signal is then passed through an analyzer
that is rotated by 45◦ towards the cavity axis and perpendicular to the pump
signal. This arrangement ensures that the overlap of the reflected pump and
signal is zero and that the signal can be discriminated from the pump laser.
Figure 6.9 shows three measured spectra for different cavities. The maximum
a) b)
c)
Figure 6.9: Measured spectra of cavities with Q-factors of a) 2700, b) 5200
and c) 13200.
Q that could be achieved is 13000, which is slightly higher than the best
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reported value for a chalcogenide glass cavity ( around 10000 by Faraon
et.al. [72]). The second and third harmonic output power with respect to
the input power for the three cavities can be seen in figure 6.11. The cavity
with a Q of around 2700 shows very good agreement with the quadratic and
cubic fits. A deviation from these fits can be seen for a Q of 5200. A kink in
the conversion plot at around 200µW is an indication of nonlinear losses that
might be attributed to photoinduced structure changes in the material. The
high Q cavity shows a similar kink for a power of around 50µW , indicating
that by increasing the Q, the material experiences photo-induced structure
changes at a lower input power. Comparing the chalcogenide results with
the silicon results reported in [73], one can see a clear advantage of the
chalcogenides. The cavities have the same quality factor (Q ≈ 5200), but
in the chalcogenides, the coupled power and hence the output power can
be doubled to 200µW before nonlinear losses become apparent. In silicon
this happens already at 100µW . As a result, higher converted power can be
achieved in chalcogenide glasses than in silicon. The losses in silicon increase
smoothly, whilst the chalcogenide losses start abruptly. This is in line with
the observation of photobleaching and Q degradation through illumination.
The cavities show a strong blue shift after the efficiency measurements. This
can be seen best at the cavities with Qs of 5200 and 13200. A shift of
0.7nm can be observed for the Q 5200 cavity whos Q degrades to 4600. A
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a)
b)
c) d)
Figure 6.10: Measured second harmonic (red) and third harmonic (black)
generated signals for Ge11.5As24Se64.5 cavities with Qs of 2700
(a)), 5200 (b)) and 13200 (c)). As a comparison, the results
for a cavity with Q=5200 in silicon is shown in d), taken from
[73].
Q-degradation of 2600 is observed for the high Q cavity whose peak shifts by
around 2.5nm. This shift is due to the photoinduced refractive index change
that happens alongside with the structure changes.
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a)
b)
Figure 6.11: Cavity peaks before (blue) and after (green) the efficiency mea-
surements for the cavities with a quality factor of 5200 and
13200. The Q-degradation is due to the photoinduced struc-
ture changes of the material which also induces an n change
that shifts the cavity peaks.
6.4 Conclusions
The fabricated photonic crystal slow light waveguides and cavities were used
for nonlinear optics experiments. In the slow light waveguides third harmonic
generation was demonstrated for AMTIR-1 with a 30 times higher conversion
efficiency than for comparable silicon slow light waveguides, due to the higher
nonlinear n in chalcogenides. The cavities fabricated in Ge11.5As24Se64.5 were
used for second and third harmonic generation. The lower two-photon ab-
sorption enabled the converted output power to be up to twice as high as in
silicon.
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7 Conclusions
The chalcogenide glasses As2S3 , Ge33As12Se55 and Ge11.5As24Se64.5 were in-
vestigated for slow light photonic crystal fabrication. The fabrication was
challenging but I managed to find solutions that made it possible to fabri-
cate slow light photonic crystal waveguides in Ge33As12Se55 and cavities in
Ge11.5As24Se64.5 .
To this date, the lowest reported losses of 21 ± 8dB/cm in chalcogenide
photonic crystal waveguides were achieved during this work. Also, the first
dispersion engineered photonic crystal waveguides in pure, undoped chalco-
genide glasses were demonstrated. The experimental measurements confirm
the expected group-index and bandwidth expectations. Slow light up to ng ≈
40 could be demonstrated. The slow light waveguides were used to demon-
strate third harmonic generation. The efficiency was found to be up to 30
times higher than in silicon because of the lack of free carrier absorption and
lower two-photon absorption in chalcogenides. The Ge11.5As24Se64.5cavities
were used to demonstrate second and third harmonic generation. The non-
linear losses in Ge11.5As24Se64.5were so low that double the coupled input
power could be used, compared to the results obtained in silicon, before non-
linear losses were observed, resulting in a 2-times higher output power of the
chalcogenide glass cavities.
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These results were only possible by the advanced fabrication technologies
where the development of a turnkey vapor phase etching tool stands out. This
tool was used to demonstrate other potential applications such as MEMS
fabrication or sub-wavelength garting fabrication.
The commercial potential of the etching tool was identified which lead to
the second price at the SUPA business plan competition 2010.
A computationally efficient model for designing coupled-resonator band-
pass filters was successfully used together with my newly designed fabrication
method for ring resonators to fabricate a flat-top bandpass filter based on a
3rd order CROW.
A passive 2R all-optical regenerator was proposed that is based on a slow
light chalcogenide photonic crystal waveguide and a ring-resonator bandpass
filter. The route for designing and optimizing the regenerator was layed out.
Several problems during this work could be solved in order to demon-
strate advantages of chalcogenide photonic crystals over the standard silicon.
Despite this, several problems are unsolved to this stage. First, and most
importantly, the stability of chalcogenides has to be solved. Unpredictable
refractive index shifts decrease the yield drastically and the aging does not
allow mass production at all. Also, the integratablity is in question, since
chalcogenides would need be integrated into a hybrid structure which is a
further level of sophistication. Overall, the yield is too low to justify further
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experiments. First, the material’s stability has to be improved.
Overall, the low yield in the chalcogenide glass photonic crystals can be
related to the difficult fabrication conditions. The intrinsic material prop-
erties make it very hard to achieve repeatable sample qualities. Therefore
chalcogenide glasses do not offer an alternative platform to silicon for pho-
tonic crystal fabrication. Despite the benefits for third-harmonic generation
and higher output powers in cavities, they can hardly be integrated into
CMOS devices. Silicon, on the other hand, is for the short waveguides better
because of the comparable nonlinear refractive index but the higher mode
confinement due to the higher refractive index difference. As soon as the lin-
ear losses are sufficiently low, chalcogenides offer a real alternative because
of their lower two photon absorption.
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A Appendix
A.1 Definitions
A.1.1 Nonlinear Optics
Nonlinear optics describes the nonlinear interaction of light with a medium.
The dielectric polarization ~P responds nonlinearly to the electric field ~E.
A.1.2 Kerr Effect
The Kerr effect is a direct consequence of the third order susceptibility χ(3),
that connects the dielectric polarization ~P with the electric field ~E through
~P (t) = χ
(3)
ijk(r, t) :
~Ei(r, t) ~Ej(r, t) ~Ek(r, t), (34)
causing a change of the refractive index with the square of the electric field
∆n ∝ | ~E(r, t)|2.
A.1.3 Four-Wave Mixing
Equation 34 descibes the general case of the interaction of up to three distinct
electric field components in a nonlinear medium with third order suscepti-
bility. Four-wave mixing describes the intermodulation of three fields with
different wavelengths producing a 4th wavelength. In general, for given input
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frequencies f1, f2 and f3 all combinations, yielding f4 = ±f1 ± f2 ± f3 are
possible, where the three frequencies do not have to be distinct.
A.1.4 Degenerate Four-Wave Mixing
Degenerate four-wave mixing is a special case of four-wave mixing, where two
of the three input-frequencies are the same.
A.1.5 Cross-Phase Modulation
In cross-phase modulation two optical beams interact through the Kerr effect.
One beam can change the phase of the other beam through the intensity
induced refractive index change ∆n ∝ | ~E(r, t)|2.
A.1.6 Supercontinuum Generation
The generation of light with broad spectra over several hundred nm band-
width from laser light is called supercontinuum generation. A combination
of several nonlinear process, such as SPM and four-wave mixing is employed
to achieve these broad spectra. Also the material dispersion and the input
pulse length are important parameter for this process.
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A.1.7 Highly nonlinear fiber
A highly nonlinear fiber is a class of optical fibers with a high optical nonlin-
ear response. The increased nonlinear response is achieved through structural
changes of the fiber such as employing microstructuring, dispersion control
and mode confinement through tapering and the choice of highly nonlinear
core materials.
A.1.8 Directional coupler
A directional coupler consists of two waveguide that are brought together
so close that a certain fraction of light can couple evanescently from one
waveguide to the other.
A.1.9 Two-photon absorption (TPA)
Two photon absorption occurs in nonlinear materials, when two photons
are absorbed simultaneously. The absorbed energy can dissipate through
different channels such as phonons, photons, the creation of free carriers or
structural material changes.
A.1.10 Mach-Zender Interferometer
Incident light is split up by a beam splitter in two arms in a Mach-Zehnder
Interferometer. After passing through the two arms, in which the optical
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path length can be different, the light is then superimposed by a second
beam splitter. The phase difference between the two signal arms can then
be detected as an intensity modulation of the output signal. A Mach-Zender
interferometer can be used to do both, modulation of an optical signal, and
to detect phase shifts of the signal.
A.1.11 Thin films
Thin films are very thin layers of materials. Their thickness is in the or-
der of the optical wavelength which is used for the optical experiments. In
microphotonics, thin films usually support only one vertical mode, so that
their thickness is in the order of λ/2 of the wavelength λ in the material. For
silicon with a refractive index of around n ≈ 3.48 at λ = 1550nm the layer
thickness is usually 220nm.
A.1.12 Rib waveguide
A rib waveguide consists of a slab of material with a strip superimposed onto
it. The guiding is provided by the higher effective index area of the strip and
slab area directly under the strip compared to the rest of the slab.
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A.1.13 Access waveguide
The tight mode confinement in microphotonic structures requires efficient
mode conversion from free space modes to the microphotonic structures.
This can be done by using wide (multimode) waveguides that are then ta-
pered down to the fundamental mode of the microphotonic structure as an
intermediate step. The mode conversion from free space to access waveguide
and then to the microphotonic mode is more efficient than a direct mode
conversion, since the mode overlap of the free space mode and the access
waveguide mode is higher. Typical access waveguide dimensions are 3µm
width and 220nm height. The mode is then tapered down using a typically
200µm long tapering section.
A.1.14 CMOS
Complementary Metal Oxide Semiconductor (CMOS) is a technology for
constructing integrated circuits where both-p-type and n-type metal oxide
semiconductor field effect transistors are used for logic functions. Devices
that are compatible to this technology can be integrated in microelectronic
devices such as microprocessors, microcontrollers or static RAM.
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A.1.15 Reciprocal lattice
The reciprocal lattice is the Fourier transform of the spatial function of the
original lattice. It owes its importance to the fact, that the coordinates are
represented in momentum rather than in spatial coordinates as in the original
lattice. The lattice vectors can be calculated from the spatial coordinaes ~a1,
~a2 and ~a3 by:
~b1 = 2π
~a2 × ~a3
~a1 (~a2 × ~a3)
(35)
~b2 = 2π
~a3 × ~a1
~a1 (~a2 × ~a3)
(36)
~b3 = 2π
~a1 × ~a2
~a1 (~a2 × ~a3)
(37)
The symmetries, that a crystal lattice exhibits, are directly translated to
the reciprocal lattice. Figure 1.1a) shows the triagonal lattice with its base
vectors a1 and a2. Figure 1.1b) shows the resulting reciprocal lattice with
its symmetry points Γ, K and M . The irreducible Brillouin zone, the zone
that can not be divided by any symmetry operation, is shown shaded.
A.1.16 Total Internal Reflection
At a medium boundary between two media with refractive indices n1 and n2,
where n1 > n2, light that travells in the medium with refractive index n1 can
relect totally, when its angle of incidence θ is larger than the critical angle
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a) b)
Figure 1.1: a) 2D triagonal lattice with its lattice vectors a1 and a2. b) The
reciprocal lattice of the triagonal lattice with the irreducible Bril-
louin zone (shaded) and the points of high symmetry Γ, K and
M .
θc. The critical angle can be calculated using
θc = arcsin
(
n2
n1
)
. (38)
Total internal reflection is the main guiding mechanism in optical fibers.
A.1.17 Line defect
A line defect can be fabricated in 2D photonic crystals with air holes by
omitting one or more rows of holes. Light can then be confined and travel in
this defect.
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A.1.18 Add-drop filter
An add-drop filter is used to add or remove a narrow part of the optical
spectrum of a broader light signal. Figure 3.1 shows a sketch of a single
ring resonator add-drop filter. The in-port is used as signal input channel.
A second signal can be added through the add-port. If parts of the signals
fulfill the resonance condition of the ring resonator, they can be added to the
other signal and are simultaneously removed from the original signal.
A.1.19 Bandpass filter
A bandpass filter is used to filter a certain spectral range of a broad op-
tical signal. Most commonly, four variables are considered for the use of
bandpass filters: The transmission specifies the fraction of transmitted light
through the filter, the bandwidth and center wavelength define the transmit-
ted spectral range and the center wavelength of operation, respectively. The
spectral response specifies how the transmission behaves over the specified
bandwidth. Typical responses range from arbitrary transmission over Loren-
tian and Gaussian functions to a flat top response, where all transmitted
wavelengths have equally high transmission.
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A.1.20 Cauchy-Lorentz Distribution
The Cauchy-Lorentz distribution is defined as
L(x, µ,Γ) =
1
π
Γ
2
(x− µ)2 +
(
Γ
2
)2 , (39)
where the µ is the center of the resonance and Γ is the full-width-at-half-
maximum value. The Cauchy-Lorentz distribution, or short Lorentz distri-
bution is used in optical spectroscopy since it is a solution to the differential
equation for forced oscillations which can be used to describe the spectral
behavior of optical resonators.
A.1.21 Racetrack resonator
A racetrack resonator is a ring resonator with an elongated coupling section.
The elongated coupling section allows larger distances between the photonic
wire and the resonator due to larger coupling lengths. Compared to ring
resonators the relative changes in distance translate in smaller κ changes
which allows a finer control of κ.
A.1.22 Darlington transistor
A darlington transistor is a compound of two bipolar transistors, integrated
into a single package. The transistors are connected in such a way that
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the current that is amplified by the first transistor is amplified again by the
second transistor. This way higher gains as by the single transistors can be
achieved.
A.1.23 Cutback measurements
Cutback measurements are used to determine the transmission losses of pho-
tonic crystal waveguides. To do so, photonic crystals of different lengths are
fabricated on the same chip. Transmission measurements are then used to
determine the total transmission losses per device length. Under the assump-
tion that the coupling sections between access waveguides and photonic crys-
tal waveguides are lossless and with the knowledge of the tranmission losses
of the access waveguides, one can then calculate the transmission losses of
the device.
A.2 A 2R all-optical regnerator in chalcogenides
It was the aim of this work to combine both, slow light photonic crystal
waveguides and ring resonator bandpass filters to fabricate a 2R all-optical
regenerator based on the principle suggested by Mamyshew [14]. The key
purpose of the regenerator is to filter the noise that is acquired after a de-
graded pulse is reamplified. Figure 1.2 show the principle of the Mamyshev
regenerator. The regenerator works with a nonlinear transfer function as seen
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Figure 1.2: Regeneration principle after Mamyshev.
in figure 1.2b). Low power is not transmitted over a certain power range and
high powers transmit to a similar output power. In this way, the fluctuations
in the low power and high power regime get equalized. As this is a 2R re-
generator - a re-amplifing and re-shaping regenerator, this principle does not
provide re-timing. The nonlinear transfer function is created by the interplay
of a nonlinear medium, in this case the slow light photonic crystal waveguide,
and a spectral filter, the bandpass filter. The pulse gets broadened in the
waveguide, where the low power noise does not create SPM and the noise
in the high power regime creates a similar phase shift. The overlap of the
broadened spectrum with the bandpass spectrum then creates the nonlinear
transfer function. The position of the filter is chosen in a way that a certain
phase shift is necessary to get power transfer. In this way, the low power noise
does not get transfered and the high power noise gets equalized out. Since
the practical implementation of the regenerator was not possible during this
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work, the capabilities of such a device will be assessed in this section. This
assessment is also a design manual for such a regenerator. The assessment
is divided into two parts. In the first part, the numerical pulse propagation
in slow light photonic crystal waveguides is discussed. In the second part,
the calculation of the nonlinear transfer function is described. Different pos-
sible transfer functions that can be achieved with the combination of slow
light photonic crystal waveguides and a ring resonator bandpass filter are
discussed. Figure 1.3 shows the proposed structure: A slow light photonic
crystal waveguide serves as highly nonlinear Kerr medium to broaden the op-
tical pulse. The successive bandpass filter is based on ring resonators. The
footprint of this device could be less than 120× 20µm, which is considerably
smaller than a comparable device in chalcogenides (that was 5cm long and
about 10µm in operative width [74]).
A.2.1 Theory of self phase modulation
SPM is caused by a time-varying intensity I(t), such as in optical pulses.
The refractive index, n, is then time depending, since
n(t) = n0 + n2 · I(t). (40)
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Figure 1.3: All-optical regenerator based on chalcogenide photonic crystals.
The photonic crystal serves as highly nonlinear Kerr medium
due to its slow light light-matter interaction and the coupled-
resonators serve as bandpass filter.
The change of n due to the nonlinearity induces a phase change φNL(t), which
is given by [75]
φNL(t) = −n2I(t)ω0
L
c
, (41)
where L is the propagation length of the optical pulse in the nonlinear
medium. The phase change induces a variation in the intensity given by
the derivative of the phase change:
δω(t) =
d
dt
φNL(t). (42)
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It is clear that the main parameters for SPM are the n2, A(r, t), L and
the pulse width τ0
30. Stolen et.al. [5] have shown the differences in optical
spectra of Gaussian pulses in silica optical fibers for different maximum phase
shifts as can be seen in figure 1.4. A π phase change occurs when the pulse
peak splits into three and does not return to zero. A return to zero can
be observed for a 1.5π phase shift and an additional π phase shift adds an
intensity peak to the spectrum such that the previously observed peaks move
further away from the center frequency. Asymmetries in these spectra can
Figure 1.4: Optical spectra, broadened by self phase modulation with respect
to different phase shifts. Taken from [5]
occur when time dependent loss mechanisms occur. This is the case for free
carrier absorption, where the creation and annihilation of the electrons is
time dependent. This causes asymmetries in the time response and hence
asymmetries in the spectrum, as can be seen in the following section where the
30The slope of the nonlinear phase change increases for shorter pulse durations, hence
the bandwidth increases.
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pulse propagation in slow light photonic crystal waveguides will be discussed.
A.2.2 Pulse propagation in photonic crystal waveguides
Optical pulse propagation in photonic crystals is governed by Maxwell’s
Equations. For isotropic structures31, Maxwell’s equations can be reduced to
the wave equation
∇2 ~E −
1
c2
∂2 ~E
∂2t
= −µ0
∂2 ~P ( ~E)
∂2t
, (43)
where the polarization ~P [V/m] is depending on ~E through the material’s
susceptibilities χ(1), χ(3), etc.:
~P ( ~E) = ǫ0 ·
∞∫
−∞
χ(1)(t− t′) · ~E(r, t′)dt′
+ ǫ0 ·
∞∫∫∫
−∞
χ(3)(t− t1, t− t2, t− t3) · ~E(r, t1, t2, t3)dt1dt2dt3
+ ...,
(44)
where ǫ0 is the vacuum permitivity, χ
(1) is the linear susceptibility, causing
the linear refractive index and χ(3) is the Kerr susceptibility, which causes the
nonlinear refractive index32. In the slowly-varying amplitude approximation
with a moving frame of reference centered to the pulse center, the wave
31This does not hold for photonic crystals in general, but as shown later, the anisotropy
of the photonic crystals will be averaged out.
32The second order susceptibility is left out, since its effects are not scope of this section.
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equation can be written as the nonlinear Schrödinger equation (NLSE) [76]:
∂A
∂z
+
α
2
A+
iβ2
2
∂2A
∂T 2
−
β3
6
∂3A
∂T 3
= iγ
(
|A|2A
)
−
βTPA
2Aeff
|A|2A−Nc
(
σ
2
+
2kciπ
λ0
)
A,
(45)
where A is the slowly varying amplitude,
T s is time in the moving frame that was used to derive the NLSE,
z [m] is the propagation direction,
α
[
1
m
]
is the loss-constant,
β2
[
s2
m
]
is the dispersion,
β3
[
s3
m
]
is the group velocity dispersion,
γ = 2pin2
λ0Aeff
[m−2W−1] is the nonlinear response,
βTPA [mW
−1] is the two-photon absorption coefficient,
Aeff [m
2] is the effective mode area,
Nc is the number of free carriers,
σ m2 is the free carrier cross section,
kc m
3 is the free carrier dispersion and λ0 is the centre wavelength of the
pulse.
The creation and destruction of free carriers can be modelled with
∂Nc(t)
∂t
=
βTPA
2hν0A2eff
|A|4 −
Nc
τrecomb
, (46)
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where ν0 [Hz] is the centre frequency and τrecomb [s] is the recombination
time. Eqn. 45 shows that α is the linear loss mechanism, whilst the two-
photon absorption and successive free carrier absorption are the nonlinear
loss mechanisms. Also, one can infer that anomalous dispersion33 is favorable
for a nonlinear response. It is also notable that the group velocity dispersion
has to be included since the dispersion in photonic crystals can be engineered
so that both the second-order dispersion β2 [s
2] and third order dispersion
β3 [s
3] become important. Eqn. 46 also shows that free carrier absorption
is triggered by two-photon-absorption; the second term can be cancelled as
long as the pulse repetition time is longer than the free carrier lifetime τrecomb
[s].
A.2.3 Split-Step-Fourier Method
The nonlinear Schrödinger equation can be solved using the Split-Step-Fourier
Method. By introducing two operators, equation 45 can be divided into two
parts, namely a dispersive part and a nonlinear part. Equation 45 then
reduces to
∂A
∂z
=
(
Dˆ + Nˆ
)
A (47)
33Anomalous dispersion is defined where β2 < 0, normal dispersion is defined as β2 > 0.
Please note that β2 is not the dispersion parameter D [sm
−1]. Both are connected viaβ2 =
− λ
2
2pic
D and therefore D is positive in the regime of anomalous dispersion and negative for
normal dispersion.
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with
Dˆ = −α
2
− iβ2
2
∂2
∂T 2
+ β3
6
∂3
∂T 3
and Nˆ = iγ (|A|2)− βTPA
2Aeff
|A|2−Nc
(
σ
2
+ 2kcipi
λ0
)
. To
Figure 1.5: Schematic of the nonlinear pulse propagation with the Split-Step-
Fourier Method. At first, a half step with dispersion only is per-
formed, which is followed by a full step of only nonlinearity and
finally a half step of dispersion only.
propagate the pulse one step from z = 0 to z = h, where h is the stepsize, the
partial derivative is split up into three steps. At first, a half step from z = 0
to z = h/2 with dispersion only with Nˆ = 0 is performed. As the second
step, the full stepsize is propagated, considering only the nonlinear part. In
the third step, the dispersive part is used from z = h/2 to z = h, which
completes the sequence. Figure 1.5 illustrates the overlap of the dispersive
and nonlinear steps. The dispersive step is performed in the fourier domain,
where ∂
∂T
can be replaced by iω0. Since the nonlinear step is not performed in
the fourier domain, the pulse has to be inversely Fourier transformed prior to
the nonlinear propagation. Since the last step is a repetition of the first step,
the pulse has to be Fourier transformed again, propagated under dispersion
and then transformed back to yield the end result. In total, the algorithm
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reads as:
IFFT (eDˆ(iω)(
h
2
) · FFT (e
∫ h
0
Ndz · IFFT (eDˆ(iω)(
h
2
) · FFT (A)))). (48)
The integral of the nonlinear operator is not straight forward to solve, since
Nˆ(z) is not known, but it can be solved iteratively. At the same time, to get
Nˆ , the free carrier concentration [m−3] has to be solved. This is straightfor-
ward, since the recombination time is much shorter than the repition rate, so
the second term of equation 46 can be left out and the integral can be solved
easily. The algorithm is solved with a fixed step-size method.
A.2.4 Pulse propagation
Figure 1.6: ng curve of the investigated chalcogenide photonic crystal.
Figure 1.6 shows the ng curve of the investigated waveguide. Depend-
ing on the center frequency of the pulse, the pulse broadening through the
152
waveguide behaves differently. Three center frequencies are used to demon-
strate the different broadening mechanisms. The first is at λ1 = 1495nm at
an ng of 4, the second at λ2 = 1515nm at an ng of around 15 and the third at
λ1 = 1522nm at a group index of around 30. All simulations were done using
1.2ps long pulses and using the material data given in 1 for Ge33As12Se55 .
The input power was changed from P = |A|2 = 10W to P = 200W in steps
of 10W for these simulations. The length was set to be 80µm and it was split
into 1µm steps to ensure convergence. The dispersion of the fast and medium
light simulations were normal, whilst the slow light simulation had an anoma-
lous dispersion. The split step fourier method was adapted to accomodate
the dispersive and mode area properties of the waveguide for each wavelength
of the simulation. This way, the data that was calculated using MPB could
be used directly for the pulse propagation simulations and a higher accuracy
because of the changing dispersion properties could be achieved. Figure 1.7
shows the output signals for the three group-index regimes. At an input
power of 100W a phase shift of 0.5π can be achieved in the fast light regime,
whilst in the medium light regime a 4.5π phase shift can be achieved. The
asymmetry in figure 1.7b) is due to the normal dispersion, whilst the strong
asymmetry in figure 1.7c) is caused by anomalous dispersion.
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a) b)
c)
Figure 1.7: Pulse propagation in the chalcogenide photonic crystal waveguide
for a) 1495nm (0.5π phase shift at 100W), b) 1515nm (4.5π
phase shift at 100W)and c) 1522nm (5.5π phase shift at 50W).
A.2.5 The nonlinear transfer function
The nonlinear transfer function of the 2R regenerator can be calculated by
taking the overlap integral of the SPM spectrum FSPM and the filter spec-
trum Ffilter:
FNL =
f0−∆f/2∫
f0−∆f/2
FSPM · Ffilter df [W
2m−4], (49)
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where f0 [Hz] is the center frequency of the pulse and ∆f is the spectral
width of the computational domain. The overlap depends on the spectral
position of the pulse and the filter. The transfer function can have three
distinct non-zero shapes which can be seen in figure 1.8. The first possibility
is that the function is monotonically increasing but does not saturate, as can
be seen in figure 1.8a). This case occurs when the filter does not overlap
enough with the broadened spectrum. The second case is the ideal case,
where the filter function overlaps with the peak of the first sidelobe of the
SPM broadened spectrum. The output power is limited by the peak power
of the sidelobe. In the third case, the filter function is too close to the pulse
center. At full input power the pulse broadens more than up to the point
where the sidelobe peak overlaps with the filter peak. Thefore the nonlinear
transfer function dectreases with increasing input power.
A.2.6 Summary and Conclusions
An all-optical regenerator based on the combination of highly nonlinear slow
light photonic crystal waveguides and ring resonator bandpass filters was pro-
posed. The route for designing such a regenerator was discussed. The param-
eter space for the ideal combination is sufficient to design every component
to the required specifications in order to achieve the desired functionality.
One engineer the dispersion of the waveguide using the hole position of the
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a) b)
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Figure 1.8: Nonlinear transfer functions. a) The unsaturated case happens
when the filter function does not overlap with the sidelobe peak at
full input power. b) The saturated case for optical regeneration.
The sidelobe peak overlaps with filter function. c) The filter is
situated too close to the pulse center. Several π phase shift can
overlap with the filter.
photonics crystal waveguide, then several parameters such as distance, radius
and number of resonators are to be considered for the design of a bandpass
filter based on coupled resonators. I have shown that it is possible to do
so experimentally, but because of fabricational problems the integration of
photonic crystals and ring resonators in chalcogenides is not possible to this
date.
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